Toward a systems-level view of dynamic phosphorylation networks by Robert H. Newman et al.
REVIEW ARTICLE
published: 15 August 2014
doi: 10.3389/fgene.2014.00263
Toward a systems-level view of dynamic phosphorylation
networks
Robert H. Newman1*, Jin Zhang2,3,4,5* and Heng Zhu2,6*
1 Department of Biology, North Carolina Agricultural and Technical State University, Greensboro, NC, USA
2 Department of Pharmacology and Molecular Sciences, Johns Hopkins University School of Medicine, Baltimore, MD, USA
3 The Solomon H. Snyder Department of Neuroscience, Johns Hopkins University School of Medicine, Baltimore, MD, USA
4 Department of Oncology, Johns Hopkins University School of Medicine, Baltimore, MD, USA
5 Department of Chemical and Biomolecular Engineering, Johns Hopkins University School of Medicine, Baltimore, MD, USA
6 High-Throughput Biology Center, Institute for Basic Biomedical Sciences, Johns Hopkins University, Baltimore, MD, USA
Edited by:
Andreas Zanzoni, Inserm TAGC
UMR1090, France
Allegra Via, Sapienza University, Italy
Reviewed by:
Tamar Geiger, Tel-Aviv University,
Israel
Stephen Michnick, University of
Montreal, Canada
*Correspondence:
Robert H. Newman, Department of
Biology, North Carolina Agricultural
and Technical State University,
1601 E. Market St., Greensboro,
NC 27411, USA
e-mail: rhnewman@ncat.edu;
Jin Zhang, Department of
Pharmacology and Molecular
Sciences, Johns Hopkins University
School of Medicine, 725 N.
Wolfe St., Baltimore, MD 21205,
USA
e-mail: jzhang32@jhmi.edu;
Heng Zhu, Department of
Pharmacology and Molecular
Sciences, Johns Hopkins University
School of Medicine, 733 N.
Broadway, Baltimore, MD 21205,
USA
e-mail: hzhu4@jhmi.edu
To better understand how cells sense and respond to their environment, it is important to
understand the organization and regulation of the phosphorylation networks that underlie
most cellular signal transduction pathways. These networks, which are composed of
protein kinases, protein phosphatases and their respective cellular targets, are highly
dynamic. Importantly, to achieve signaling specificity, phosphorylation networks must
be regulated at several levels, including at the level of protein expression, substrate
recognition, and spatiotemporal modulation of enzymatic activity. Here, we briefly
summarize some of the traditional methods used to study the phosphorylation status of
cellular proteins before focusing our attention on several recent technological advances,
such as protein microarrays, quantitative mass spectrometry, and genetically-targetable
fluorescent biosensors, that are offering new insights into the organization and regulation
of cellular phosphorylation networks. Together, these approaches promise to lead to a
systems-level view of dynamic phosphorylation networks.
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INTRODUCTION
Protein phosphorylation, mediated by protein kinases and
opposed by protein phosphatases, is one of the most widespread
regulatory mechanisms in eukaryotes. Inside the cell, protein
kinases, phosphatases, and their respective substrates are orga-
nized into complex phosphorylation networks that govern nearly
all cellular processes. In order to achieve signaling specificity in
response to a given environmental stimulus, these networks must
be precisely coordinated in cellular space and time. This involves
regulation at several different levels, including at the levels of
protein expression (e.g., enzyme levels), substrate selection, and
spatiotemporal regulation of enzymatic activity. Not surprisingly,
disruption of these regulatory mechanisms has been implicated
in many pervasive diseases, including cancer (Guha et al., 2008;
Deschenes-Simard et al., 2014), diabetes (Guo, 2014; Mackenzie
and Elliott, 2014; Ortsater et al., 2014), and heart disease (Kooij
et al., 2014; Sciarretta et al., 2014). As a consequence, much effort
has been dedicated to understanding how these parameters are
controlled inside the cell.
In this review, we will examine several methodologies used to
study the organization and regulation of cellular phosphorylation
networks. Our discussion will be organized around two central
questions: (1) which cellular proteins are phosphorylated by a
given kinase (or dephosphorylated by a given phosphatase) under
physiological conditions and (2) how are specific kinases and
phosphatases—and ultimately the signaling networks of which
they are a part—regulated within the native cellular environ-
ment? We will begin by first discussing the properties of protein
phosphorylation that make this post-translational modification
an attractive chemical signal for cellular information transfer.
We will then highlight some of the traditional methods that
researchers have used to study the phosphorylation status of
cellular proteins before turning our attention to several emerg-
ing technologies that are beginning to provide a dynamic and
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systems-level view of phosphorylation networks. Together, these
approaches promise to shed new light on the organization and
regulation of cellular phosphorylation networks.
CELLULAR AND MOLECULAR CONSEQUENCES OF PHOSPHORYLATION
Protein phosphorylation describes the covalent attachment of
a negatively charged phosphate group to one of several amino
acid residues. Though several reports suggest that phosphory-
lation of His residues (resulting in the formation of an acid
labile phosphoramidate species) may account for up to 10%
of protein phosphorylation in some eukaryotes (Klumpp and
Krieglstein, 2002; Besant and Attwood, 2010), it is generally
believed that the predominant sites of phosphorylation in mam-
malian proteins are on Ser (∼86%), Thr (∼12%), and Tyr (∼2%)
residues (Hunter, 1996). Phosphorylation of these hydroxyamino
acids results in the formation of phosphate monoesters that
are surpassingly stable under physiological conditions, exhibit-
ing an estimated half-life of 1.1 × 1012 years in aqueous solution
(Lad et al., 2003). Despite their extremely high stability, phos-
phate monoesters are nonetheless rapidly hydrolyzed through
the catalytic action of protein phosphatases, thus making pro-
tein phosphorylation a highly dynamic and “regulatable” post-
translational modification inside cells. Importantly, the chemical
properties of phosphate monoesters confer unique characteris-
tics to phosphorylated amino acids that are critically important
for their role in cellular signal transduction (Dissmeyer and
Schnittger, 2011). For instance, a phosphate monoester con-
tains two ionizable oxygens which exhibit pKa’s of ∼2.2 and
5.8, respectively, (Hunter, 2012). Therefore, depending on its
chemical context, the transferred phosphate group is expected
to be either dianionic or partially dianionic at physiological
pH. Such a high charge density makes phosphate groups well-
suited to mediate intra- or intermolecular interactions, such
as hydrogen bonds and salt bridges, which can impact protein
function.
In most cases, phosphorylation is believed to induce confor-
mational changes in the target protein that influence its behavior
inside the cell. For example, phosphorylation-dependent confor-
mational changes can alter the activity of enzymes either directly,
by promoting the reorganization of the enzyme active site, or
indirectly, through allosteric effects on regulatory domains or
subunits (Hunter, 2012). These modes of regulation are particu-
larly important in the coordination of kinase signaling cascades
that underlie cellular phosphorylation networks. For instance,
recent evidence suggests that phosphorylation of residues within
the activation loop, a highly conserved region present in all
eukaryotic protein kinases, triggers global reorganization of two
critical hydrophobic “spines” within the kinase core that help
to properly position key residues in the active site necessary for
catalysis (Taylor and Kornev, 2011; Meharena et al., 2013). Of
course, phosphorylation-dependent changes in activity are not
restricted to enzymes. Indeed, many ion channels and cellu-
lar transporters are known to be regulated by phosphorylation.
For instance, phosphorylation of ryanodine receptor (RyR) Ca2+
channels by either Ca2+/calmodulin-dependent protein kinase
II (CaMKII) or cAMP-dependent protein kinase (PKA) induces
conformational changes that alter their open probability at the
sarcoplasmic reticulum, influencing both the intensity and the
frequency of Ca2+ spikes in cardiomyocytes and striated mus-
cle cells (Meissner, 2010; Niggli et al., 2013). While CaMKII-
mediated phosphorylation of S2815 is believed to induce local
conformational changes that directly affect the flow of Ca2+ ions
through the channel, structural changes caused by phosphory-
lation of S2809 and/or S2030 by PKA appears to promote the
dissociation of the stabilizing protein, calbastin 2, from a site far
removed from the phosphorylation sites. These changes lead to
“leaky” SR channels associated with aberrant contractile function
(Meissner, 2010; Niggli et al., 2013).
In addition to modulating its activity, the phosphorylation
status of a protein may also impact other cellular parameters
important to its function, such as its subcellular location or its
stability. For instance, hyper-phosphorylation of the regulatory
domain of the transcription factor, nuclear factor of activated
T cells 1 (NFAT1), promotes electrostatic interactions between
negatively-charged phosphate groups and positively-charged
Lys/Arg residues found within a conserved nuclear localization
sequence (NLS) (Okamura et al., 2000). These interactions induce
conformational changes in the regulatory region that effectively
mask NFAT1’s NLS, leading to a predominantly cytoplasmic
distribution prior to dephosphorylation by the Ca2+/calmodulin-
dependent protein phosphatase, calcineurin (CaN).
In the previous example, the phosphorylation status of NFAT1
determines whether its NLS is sterically blocked by the regulatory
region or exposed to the cellular environment. This is important
because the NLS is, itself, a site of interaction with importin fam-
ily members involved in nucleocytoplasmic shuttling (Marfori
et al., 2011). In fact, many phosphorylation-dependent confor-
mational changes are believed to regulate protein–protein inter-
actions. In some instances, such as for the NFAT1-importin
and RyR-calbastin 2 interactions described above, the phosphate
group(s) is not directly involved in mediating interactions with
partner proteins. In contrast, many phosphorylation-dependent
interactions rely upon direct recognition of phosphorylated
residues by a diverse set of phosphoamino acid binding domains
(PAABDs). For instance, many members of the SCF family of
ubiquitin E3 ligases associate with their substrates via either
Trp-Asp 40 (WD40) or leucine-rich repeat (LRR) PAABDs that
specifically bind pSer/pThr residues located in phosphodegrons
(Ho et al., 2006; Reinhardt and Yaffe, 2013). Phosphorylation-
dependent interaction of SCF family members leads to ubiqui-
tylation and subsequent degradation of the substrate by the 26S
proteasome. In this way, phosphorylation serves as a key upstream
signal which influences protein stability.
Over the past 20 years, many PAABDs, each exhibiting distinct
substrate specificities and binding affinities, have been charac-
terized. These include PAABDS that exclusively recognize either
pTyr residues or pSer/pThr residues, as well as others that exhibit
dual specificity, interacting with the phosphate monoester of all
three hydoxyamino acids (Liao et al., 1999; Jin and Pawson,
2012; Reinhardt and Yaffe, 2013). While most pTyr binding
domains fall within two large families: (1) the Src homology
2 (SH2) domain family (∼120 distinct members) and (2) the
phosphotyrosine binding (PTB) domain family (∼27 distinct
members) (Yaffe, 2002; Liu et al., 2006; Jin and Pawson, 2012), the
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diversity of pSer/pThr PAABD’s is much greater. Indeed, as a tes-
tament to the prevalence of Ser/Thr phosphorylation in eukary-
otes, 14 distinct families of PAABDs that recognize pSer/pThr
residues have been described to date (Jin and Pawson, 2012).
Such a large number of distinct PAABD families suggests that
phosphorylation-dependent interactions are a widely employed
means of regulating protein–protein interactions inside cells.
Together, phosphorylation-dependent changes in protein
function, be it through modulation of enzymatic activity, changes
in sub-cellular localization, alterations in protein stability, or
regulation of protein–protein interactions (or a combination
thereof), plays a major role in regulating cellular physiology.
Therefore, it is important to understand what factors influence
protein phosphorylation inside cells.
FACTORS INFLUENCING PROTEIN PHOSPHORYLATION INSIDE CELLS
Inside the cell, the phosphorylation status of a particular phos-
phorylation site (phosphosite) is determined by the equilibrium
between kinase-mediated phosphorylation, in the one direc-
tion, and phosphatase-mediated dephosphorylation in the other
direction1 . In order for a kinase to act on a cellular protein,
several criteria must be met. For instance, a kinase and its sub-
strate(s) must be expressed in the same cell and at the same time
during development. This often involves several levels of con-
trol, including transcriptional regulation (e.g., control of gene
expression), post-transcriptional regulation (e.g., regulation of
mRNA stability) andmodulation of protein levels (e.g., regulation
of protein stability). Diverse and complementary experimental
approaches have been developed to monitor these parameters,
including reporter gene assays to track changes in transcrip-
tional activation at a given promoter (Roura et al., 2013; van
Rossum et al., 2013; Khan et al., 2014), quantitative real-time PCR
(qPCR) and expression microarrays to measure the relative lev-
els of mRNA transcripts (Skrzypski, 2008; Gorreta et al., 2012),
and western blot analysis and fluorescent imaging techniques to
measure changes in protein abundance over time (Wiechert et al.,
2007; Chao et al., 2012). Though a comprehensive discussion of
these techniques is beyond the scope of this review, the interested
reader is referred to several recent reviews (Wilkins, 2009; van
Rossum et al., 2013).
In addition to being co-expressed, a protein kinase and its sub-
strate must physically interact with one another in order for phos-
phorylation to occur. Therefore, information about protein local-
ization and protein–protein interactions is critical in determining
whether a given kinase-substrate relationship (KSR) is likely to
occur under physiological conditions. Traditionally, researchers
have employed biochemical approaches to obtain this informa-
tion. For instance, subcellular fractionation, generally achieved
via differential centrifugation through a density gradient, has
long been used to separate cellular organelles. When combined
with western blot analysis, cellular fractionation is an effective
means of determining the subcellular localization of a particular
1For simplicity, unless otherwise noted, we will focus primarily on kinase-
mediated phosphorylation of cellular substrates for the remainder of this
discussion; however, it is important to note that the same principles apply
for phosphatase-mediated dephosphorylation of cellular proteins.
protein species. More recently, fluorescence imaging techniques,
such as immunofluorescence and live cell imaging, have offered
insights into the subcellular localization of proteins without dis-
rupting the cellular architecture. Importantly, in the case of live
cell imaging, dynamic changes in the subcellular distribution of a
fluorescently tagged protein can be visualized in real-time within
single cells. The advent of real-time super-resolution microscopy
techniques based on photoswitchable fluorescent proteins (FPs)
has dramatically increased the resolution afforded by live cell flu-
orescence imaging experiments (reaching ∼20 nm resolution in
living cells compared to >200 nm using standard fluorescence
imaging) (Dedecker et al., 2012; Agrawal et al., 2013; Persson
et al., 2013). While, in theory, this resolution permits the visu-
alization of several structures important for cellular signaling,
such as membrane microdomains (Honigmann et al., 2013) and
large protein complexes (Biggs et al., 2011), it is still not sufficient
to detect most protein–protein interactions directly. Instead, this
information can be attained in several ways, as briefly summa-
rized below.
Perhaps the most popular method for assaying protein–
protein interactions is co-immunoprecipitation (co-IP). The
immunoprecipitation step can be achieved using antibodies
raised against either a specific protein-of-interest or an epi-
tope tag, such as the hemagglutinin (HA)- or tandem affinity
purification (TAP)-tags (Puig et al., 2001). Therefore, co-IPs
can be used to detect interactions that occur in different cell
types, ranging from naïve primary cells to transfected and/or
genetically engineered cells. When coupled with quantitative tan-
dem mass spectrometric (MS/MS) analysis (see Section “Top-
Down” Methodologies: In situ Identification of Phosphosites),
co-IP assays can yield a wealth of information about protein–
protein interactions that occur under various cellular conditions.
However, because many protein interactions occur in the context
of multimeric protein complexes, in the absence of cross-linking
agents, co-IPs do not provide definitive information about direct
protein–protein interactions. Moreover, because the cells must be
lysed prior to immunoprecipitation, weak and transient interac-
tions are often missed using this approach.
In contrast, yeast two-hybrid analysis, which generally detects
binary interactions, is able to detect both weak and strong inter-
actions alike. However, it is important to note that, because both
the bait and the prey proteins must be localized to the nucleus
using this approach, interactions often occur within a cellular
context much different from the one normally encountered by the
proteins under study. Moreover, if the interaction is dependent
upon post-translational modifications, such as phosphorylation
or acetylation, the modification may not actually occur in yeast.
In fact, this may be the case even if an ortholog of the appropriate
modifying enzyme (e.g., the orthologous kinase or acetyl trans-
ferase) is present in yeast. Indeed, we and others have recently
reported that many KSRs are not conserved between yeast and
humans, despite the presence of orthologous kinase-substrate
pairs (Mok et al., 2011; Hu et al., 2014).
Therefore, to directly visualize protein–protein interactions
within the native cellular environment, several fluorescence imag-
ing techniques have been developed (Ciruela, 2008; Shekhawat
and Ghosh, 2011; Stynen et al., 2012). These include approaches
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based on fluorescence resonance energy transfer (FRET) between
fluorescently tagged proteins (Padilla-Parra and Tramier, 2012;
Zadran et al., 2012; Sun et al., 2013) as well as protein comple-
mentation assays (PCA), which rely on the interaction-dependent
reassembly of N- and C-terminal fragments of FP color variants
(Ciruela, 2008; Shekhawat and Ghosh, 2011). Not only do these
techniques allow protein–protein interactions to be observed in
many subcellular regions, but they also can be conducted in cell
types (e.g., mammalian cells) that place the interacting proteins
in the context of their endogenous regulatory networks.
Together, gene expression, subcellular localization and
protein–protein interaction data can be used to construct exten-
sive interaction networks that offer global information about the
interactome under different cellular conditions (Pastrello et al.,
2014). This information can be very useful in predicting KSRs
that are likely to occur inside cells. For instance, protein–protein
interactions, be they direct or indirect (e.g., those mediated by
scaffold proteins), appear to be one of the strongest predicators
of physiologically relevant KSRs (Newman et al., 2013). This is
likely due to the key role that protein–protein interactions play in
substrate selection, which is discussed below.
SUBSTRATE SELECTION: IDENTIFYING THE CELLULAR
TARGETS OF PROTEIN KINASES AND PHOSPHATASES
It is currently believed that ∼40% of the proteins in the human
proteome are phosphorylated at some point during their lifetime.
By extension, since a given protein often contains multiple phos-
phorylation sites, the total number of phosphosites in the human
proteome has been estimated to be ∼100,000 sites (Zhang et al.,
2002; Dephoure et al., 2013). Therefore, simply cataloging the
complete complement of phosphosites in the human proteome,
irrespective of their dynamic regulation or their functional con-
sequences, is a seemingly daunting task. This task is made even
more challenging by the fact that, in many cases, the phospho-
rylated form of a protein represents only a very small fraction
of the total copies of that protein species inside the cell. That
being said, while phosphosite identification is extremely impor-
tant, simply knowing which sites are phosphorylated inside the
cell only tells half of the story. Indeed, if we are to truly under-
stand how dynamic phosphorylation networks are organized and
regulated inside cells, it is important to know which kinases are
actually mediating the phosphorylation event.
Therefore, to construct comprehensive maps of cellular phos-
phorylation networks, researchers have developed a series of
experimental approaches that can be broadly grouped into two
complementary categories, which we will refer to as “top-down”
and “bottom-up” methodologies2. While “top-down” approaches
begin at the cellular level and work their way down to the protein
level, “bottom-up” approaches begin at the protein level and work
their way up to the cellular level. Below, we describe each cate-
gory and highlight how they can be used together to gain global
insights into cellular phosphorylation networks.
2The “top-down” and “bottom-up” approaches described here should not be
confused with similar terms used to describe MS-based proteomic analysis of
intact proteins (“top-down”) or peptide fragments (“bottom-up”).
“BOTTOM-UP” METHODOLOGIES: IN VITRO ANALYSIS OF
KINASE-SUBSTRATE RELATIONSHIPS
In “bottom-up” approaches, biochemical analysis of individ-
ual kinase-substrate pairs is carried out in vitro using purified
protein components. Traditionally, phosphorylation is detected
using either autoradiography or scintillation counting following
incubation of the kinase-of-interest with a single substrate and
radiolabeled ATP (e.g., [γ32P]-ATP or [γ33P]-ATP). In order to
identify the site(s) of phosphorylation on the substrate, the ini-
tial screen is often followed by mutational analysis of putative
phosphorylation sites. Due to safety concerns associated with
radioactive assays and the high cost of radioisotope disposal,
several non-radioactive assays have been developed based on
alternative detection methods (Glickman, 2012). In many cases,
these methods employ coupled enzymatic reactions that mea-
sure activity-dependent depletion of ATP. On the other hand, the
development of generalizable phospho-detection reagents, such
as highly sensitive anti-pTyr antibodies or biotinylated Phos-
Tag phosphochelators (see discussion in Section “Top-Down”
Methodologies: In situ Identification of Phosphosites below),
allows direct visualization of phosphorylation on protein sub-
strates using fluorescent or chemiluminescent detection methods
(Kinoshita et al., 2004, 2012a).
Regardless of the detection method employed, detailed bio-
chemical analysis can offer a wealth of information about individ-
ual KSRs, including the kinetics of the phosphorylation reaction,
the site(s) of phosphorylation and, in some cases, the functional
consequences of phosphate addition. Each of these parameters
is important for understanding how phosphorylation-dependent
signaling is achieved inside cells. However, due to the time that
it takes to fully characterize a single KSR, traditional biochem-
ical approaches are not well suited to high-throughput analysis.
Therefore, to increase the rate of KSR discovery, researchers have
developed phosphorylation assays based on functional protein
microarrays (Ptacek et al., 2005; Mok et al., 2009; Popescu et al.,
2009; Newman et al., 2013).
Functional protein microarrays are composed of thousands of
individually purified recombinant proteins immobilized in dis-
crete spatial locations on a functionalized glass surface (Hu et al.,
2011; Sutandy et al., 2013). While several surface chemistries have
been used to immobilize the purified proteins [e.g., polyvinyli-
dene fluoride (PVDF), nitrocellulose, streptavidin and acry-
lamide] (Hu et al., 2011), bi-functional cross-linking agents, such
as functionalized aminosilane and carboxylic esters, are generally
preferable for phosphorylation assays due to their relatively low
background signal (Mok et al., 2009). On the microarray, each
individual protein is printed multiple times (typically in duplicate
or triplicate) to ensure “on-chip” reproducibility and to guard
against signal artifacts that can arise due to incomplete wash-
ing or experimental variation (Figure 1A). Because each spot on
the array typically contains only a few femtograms of protein,
sensitive detection methods are necessary to visualize phospho-
rylation. Moreover, since each protein occupies a defined position
on the array andmany proteins can potentially be phosphorylated
in the same experiment, direct visualization of phosphoryla-
tion using either radioactive ATP or specific phospho-detection
reagents (e.g., pTyr antibodies) is essential.
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FIGURE 1 | Identification of KSRs using functional protein microarrays.
(A) Functional protein microarrays are composed of thousands of purified
proteins immobilized on a functionalized glass surface. Each protein is
printed in duplicate and in a defined location on the array. (B) Basic
workflow for a phosphorylation assay using functional protein microarrays.
Individual microarrays are first blocked and then incubated with the
kinase-of-interest (KOI) in the presence of [γ32P]-ATP. Following incubation,
the microarrays are washed extensively to remove unincorporated
[γ32P]-ATP, dried and exposed to high-resolution X-ray film. Autoradiograms
are then scanned and scored before being subjected to bioinformatics
analysis to identify those KSRs that are likely to occur inside the cell.
(C) Autoradiogram from a typical phosphorylation assay. Duplicate spots
that each exhibit a normalized signal intensity 3 SD above the mean (green
boxes) are considered positive hits. General kinase substrates, such as
histone H3 and H4, printed in each block (blue boxes) are used as
landmarks to orient the grid during scoring.
During a standard phosphorylation assay, each protein
microarray is incubated with an active form of the kinase-of-
interest in the presence of radioactive ATP (Figure 1B). Following
incubation, the microarray is washed several times and dried
by centrifugation before finally being exposed to high-resolution
X-ray film for several hours or several days (Figure 1C). The
resulting autoradiogram is then converted to a digital image and
scored using image analysis software such as GenePix 6.0 (Axon,
Inc.). General kinase substrates (e.g., histone H3 and H4) and/or
kinases that undergo autophosphorylation are used as “land-
marks” to align grids during scoring. In addition to the exper-
imental arrays, it is important that each batch of experiments
includes a negative control in order to identify those proteins that
undergo autophosphorylation. Along with the landmarks, these
species can also be useful for orienting the scoring grid during
alignment. Using this protocol, a team of two researchers in our
lab is able to conduct up to 144 phosphorylation assays per day,
with each assay probing thousands of potential substrates. In this
way, a large number of KSRs can be identified in a relatively short
period of time. For instance, using high-density protein microar-
rays composed of 2158 unique proteins fromArabidopsis thaliana,
Popescu and colleagues identified 570 substrates for 10 mitogen-
activated protein kinase (MAPK) family members (Popescu et al.,
2009). Likewise, we were able to identify over 24,000 in vitro sub-
strates for 289 unique human kinases (Newman et al., 2013).
While the latter studies used microarrays containing 4191 unique
human proteins (Hu et al., 2009), the recent development of
a high-density human protein microarray composed of 16,368
unique human proteins (representing over 80% of the human
proteome) creates exciting new opportunities for KSR discovery
at a global scale (Jeong et al., 2012).
Due to the large number of phosphorylated species generated
during a typical microarray phosphorylation assay, sophisticated
statistical analyses are often required to identify those substrates
that constitute positive “hits.” First, the signal intensity of each
protein spot is measured and subjected to some form of back-
ground correction, be it background subtraction or ratiometric
analysis (e.g., calculation of the foreground/background ratio)
(Ptacek et al., 2005; Popescu et al., 2009; Newman et al., 2013).
To eliminate spatial artifacts that can arise due to uneven washing
or drying of the microarray, local background correction is often
preferable to global correction (Hu et al., 2009). If the normal-
ized signal intensity for each of the replicate spots is above a
predefined threshold [e.g., >3 standard deviations (SD) above
the mean intensity on the microarray], then the protein is con-
sidered a putative substrate. However, it is important to note
that, because both the kinase and the substrate are removed
from the cellular environment, a positive result in vitro does
not guarantee that the KSR actually occurs under physiological
conditions. Bioinformatics analysis can help curb this limitation
by identifying “high confidence” KSRs that are likely to occur
inside the cell. Here, accurate gene ontology (GO) data, such as
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that obtained using the approaches outlined in Section Factors
Influencing Protein Phosphorylation Inside Cells, is a valuable
resource for determining whether a given cellular protein is likely
to be phosphorylated by its cognate kinase in vivo.
Though necessary to eliminate false positives, the use of a
stringent cutoff during KSR identification likely results in a rel-
atively high false negative rate, as well (estimated to be ∼95%,
in some cases) (Newman et al., 2013). For instance, because the
number of phosphosites for a given kinase varies from protein
to protein, a substrate that contains only one phosphorylation
site for a given kinase will exhibit a lower normalized signal
intensity on the array than a protein that contains multiple
sites for the same kinase. If the signal intensity of the first sub-
strate falls below the threshold determined for the chip, then
that substrate would not be considered a hit even though it
is a bona fide substrate of the kinase (which likely would have
been classified as such had the experiment been conducted using
the purified kinase and substrate in isolation). Indeed, we have
observed that known KSRs are sometimes absent from the final
hit list. Visual inspection often reveals that this is not because
the substrate is not actually phosphorylated on the microar-
ray; rather it is because its normalized signal intensity does
not exceed the stringent cut-off required to be considered a
positive hit. Likewise, variations in protein abundance on the
microarray or impairment of kinase-substrate interactions due
to misfolding or truncation of the substrates during purification
can bias KSR identification. Importantly, KSRs that are depen-
dent on auxiliary factors, such as scaffolding proteins, co-factors,
or post-translational modifications, may be missed all together
using functional protein microarrays and other “bottom-up”
approaches.
Therefore, as a complementary approach to the phosphoryla-
tion assays described above, protein microarray assays have been
developed using cell lysates. For instance, Woodard et al. recently
developed an assay platform that uses functional protein microar-
rays to measure phosphorylation profiles in whole-cell lysates
obtained from cell or tissue samples (Woodard et al., 2013).
This platform, which is similar to the phosphorylation assays
described above except whole cell lysates are substituted for the
purified kinase, revealed changes in the phosphorylation pro-
files of immortalized U373 cancer cells and gliablastoma tumors
upon hepatocyte growth factor (HGF)-mediated activation of
the c-Met signaling pathway. One of the primary advantages of
this platform is that it more closely mirrors the cellular envi-
ronment under which KSRs occur. For instance, because lysate
assays preserve many of the elements of intact signaling networks,
such as the endogenous levels of proteins, co-factors, second
messengers, and inhibitors, while also maintaining protein com-
plexes involved in signal transduction, they can offer insights
into global changes in phosphorylation networks under differ-
ent cellular conditions. Indeed, in addition to proteins known to
be associated with the c-Met pathway, these analyses identified
over 400 proteins that are likely influenced by HGF/c-Met signal-
ing (Woodard et al., 2013). Moreover, the profiles obtained from
these assaysmay be useful for biomarker discovery. Therefore, this
approach has the potential to be a powerful diagnostic tool for
rapid, cost-effective screening.
Similarly, reverse phase protein microarrays (RPPA) represent
powerful tools for tracking changes in phosphorylation pro-
files across samples. Unlike the functional protein microarrays
described above, RPPA fabrication entails the immobilization
of cell lysates or tissue extracts on the functionalized glass sur-
face. The arrays are then probed with an antibody specific for
the epitope-of-interest (e.g., a particular phosphosite) to assess
changes in its expression levels or phosphorylation status under
different conditions. Because each spot contains only a few nano-
liters of lysate, many arrays (each containing lysates derived from
tens to thousands of unique samples) can be prepared using only
a small amount of starting material (Pierobon et al., 2014). The
microarrays can then be probed simultaneously, allowing a large
number of analytes to be tested in parallel while reducing the
effects of inter-assay variability. As a consequence, RPPA-based
assays have been widely applied to the study of phosphoryla-
tion profiles in clinical samples. For instance, Ummanni et al.
recently employed RPPA assays to probe the expression levels
and phosphorylation status of 71 cancer-associated proteins in
84 non-small cell lung cancer cell lines (Ummanni et al., 2014).
Interestingly, they found that the sensitivity toward the EGFR
inhibitors, lapatinib and erlotinib, correlated more closely with
EGFR/ERBB2 phosphorylation than with receptor expression lev-
els. This was not the case for sensitivity toward the SRC/BCR-ABL
inhibitor, dasatinib, which instead correlated with expression of
proteins downstream of EGFR/ERBB2. Of course, a significant
limitation of the RPPA approach is its dependence on the speci-
ficity and avidity of commercially produced antibodies. As the
toolkit of reliable phosphospecific antibodies grows, so too will
the utility of this approach.
It is important to note that, because many kinases are present
in lysates simultaneously, the identity of the kinase actually
mediating the phosphorylation of a given substrate cannot be
definitively established using lysate-based approaches. Therefore,
lysate-based assays should be considered orthogonal to assays
using purified kinases. The same is true for other “top-down”
approaches, as described below.
“TOP-DOWN” METHODOLOGIES: IN SITU IDENTIFICATION OF
PHOSPHOSITES
“Top-down” approaches to substrate identification are designed
to measure changes in the phosphorylation status of cellular
proteins upon activation/inhibition of endogenous signal-
ing pathways. Traditionally, this has been achieved using
polyacrylamide gel electrophoresis (PAGE)-based methods
(Figures 2A,B). Following cell lysis, the protein-of-interest is
either immunoprecipitated or the whole cell lysate is loaded
directly onto the gel. Separation is generally achieved via either
one- or two-dimensional PAGE. In the case of one-dimensional
PAGE, electrophoresis through a denaturing gel is often fol-
lowed by western blot analysis to visualize the phosphorylation
status and/or the migration pattern of the protein-of-interest
(Figure 2A). If a phosphospecific antibody exists for the phos-
phosite under study, changes in phosphorylation levels at that
site can be assessed directly by comparing the intensities of the
bands before and after treatment (Figure 2AI). However, because
phosphorylation can impact protein stability inside the cell,
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FIGURE 2 | “Top-down” approaches to assess changes in the
phosphorylation status of cellular proteins. (A) Approaches based on 1D
PAGE. I Western blot analysis using an antibody that specifically recognizes
a particular phosphosite. To account for phosphorylation-dependent changes
in protein stability, the signal must be normalized to that obtained using an
antibody that recognizes the unphosphorylated form of the
protein-of-interest (below); II Detection using a general phosphorylation
detection reagent, such as Pro-Q Diamond or the Phos-Tag
phospho-chelator; III Phosphorylation of some proteins can be assessed
based on changes in their electrophoretic mobility through a standard
SDS-PAGE gel; IV Phos-Tag electrophoresis allows detection of a wide range
of phosphorylation events, often resulting in a ladder corresponding to
multiply phosphorylated species (1P, 2P, 3P, etc.). (B) Approaches based on
2D-PAGE. The general workflow of a 2D-DIGE experiment is shown.
Accordingly, lysates from treated (Sample A) or untreated (Sample B) cells
are first labeled with size- and charge-matched fluorescent dyes, such as
Cy3 and Cy5, before being pooled together. A third sample, composed of
both lysates labeled with a third dye (e.g., Cy2), may also be included as an
internal reference. The pooled samples are then resolved on a 2D-PAGE gel,
which generally uses IEF in the first dimension to separate cellular proteins
based on their pI’s followed by SDS-PAGE in the second dimension to
separate the proteins based on size (HMW, high MW; LMW, low MW).
Composite spots [e.g., Cy3 (green) and Cy5 (red)] are shown in yellow.
Meanwhile, cellular proteins that are uniquely phosphorylated in the treated
sample exhibit a spot train moving from right to left (e.g., boxes 1–4) while
those proteins that are dephosphorylated under the experimental conditions
are characterized by a spot train that moves in the opposite direction (e.g.,
box 5). The number of spots in the train corresponds to the number of
phosphosites that are occupied in the protein (i.e., four spots represents
four phosphorylation events). The intensity of each spot in the train can be
used to gauge the relative levels of each phosphorylation state under each
condition. (C) Approaches based on MS/MS. The basic workflow for a SILAC
experiment is shown. To metabolically label proteins, cells are grown in the
presence of either a “heavy” isotope of a particular amino acid (e.g.,
13C-Arg) or its “light” counterpart (e.g., 12C-Arg). Cells are then pooled and
lysed. Cellular proteins are resolved by 1D SDS-PAGE before being digested
in the gel by an Arg/Lys-directed protease, such as trypsin. Peptide
fragments in individual gel slices (represented by either parallelograms,
circles, triangles, or pentagons) are then electro-eluted and phosphorylated
species are enriched using one of several phospho-enrichment strategies
outlined in the text. Phosphopeptides are then resolved by reverse-phase
liquid chromatography (LC) and ionized by electrospray ionization (ESI) before
being analyzed by in-line MS/MS. In the MS spectrum, fragments containing
heavy isotopes are off-set by a known amount (e.g., 6Da for 13C-Arg),
allowing quantitation based on the relative intensity of each peak. The
identity of individual peaks is determined based on the MS/MS spectrum.
the signal intensities obtained using phosphospecific antibodies
must be normalized to the amount of target protein in each lane
(e.g., by using an antibody raised against the unphosphorylated
form of the protein). If a phosphospecific antibody does not
exist (as is often the case) or the specific site of phosphorylation
is not known, the phosphorylation status of proteins may still
be assayed using general phospho-detection reagents, such
as Pro-Q Diamond (Life Technologies, Inc.) or the Phos-Tag
phosphochelator, or based on changes in the electrophoretic
mobility of the protein (Figures 2AII,III). In the case of the
latter, it is believed that the high charge density of the phosphate
monoester prevents the uniform binding of negatively charged
SDS molecules in the vicinity of the phosphate group, causing
some phosphorylated proteins to migrate more slowly than their
unphosphorylated counterparts (Gafken and Lampe, 2006). For
instance, using a library of epitope-tagged proteins, the Matsuda
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group profiled changes in the electrophoretic mobility of each
of the proteins in the S. pombe proteome (Shirai et al., 2008).
While this study did not focus specifically on phosphorylation,
the authors noted that nearly 42% of the proteins in the S. pombe
proteome migrated at a molecular weight that was significantly
different from their calculated molecular weight (with ∼28% of
the proteins migrating at a higher-than-expected MW).
However, it is important to note that not all proteins exhibit
an observable mobility shift upon phosphorylation. Therefore, to
accentuate phosphorylation-induced changes in mobility in an
unbiased manner, Kinoshita and colleagues recently developed
several methodologies based on so-called Phos-Tag technologies
(Kinoshita et al., 2004, 2012a,b; Tsunehiro et al., 2013). Phos-
Tags, which are alkoxide-bridged dinuclear metal complexes,
have been shown to selectively bind phosphate monoesters in
a sequence-independent manner (Kinoshita et al., 2004). When
conjugated to a gel matrix such as acrylamide, the Phos-Tag effec-
tively slows the migration of any species containing a phosphate
monoester, leading to a discernable shift in its mobility (Kinoshita
et al., 2012b) (Figure 2AIV). Consistent with the notion that
many proteins are multiply phosphorylated inside the cell, a
ladder of clearly distinguishable bands is often observed using
Phos-Tag electrophoresis. Though several studies have used Phos-
Tag technologies either to profile the phosphorylation status of
select substrates (Kinoshita et al., 2009; Aguilar et al., 2011;
Kinoshita-Kikuta et al., 2012) or to validate substrates identified
by other methods (Mukai et al., 2008; Deswal et al., 2010; Mok
et al., 2010; Huang et al., 2014; Yip et al., 2014), to date Phos-
Tag electrophoresis has not been applied to large-scale proteomic
analyses. It will be interesting to compare the results of such stud-
ies with those obtained using standard 1D SDS-PAGE—such as
the one conducted by Matsuda et al. in S. pombe (Shirai et al.,
2008)—as well as with those that utilize 2D-PAGE, as described
below.
In addition to one-dimensional PAGE, 2D-PAGE is can also be
used to assess the phosphorylation status of cellular proteins. In a
2D-PAGE experiment, proteins are typically separated via isoelec-
tric focusing (IEF) in the first dimension followed by SDS-PAGE
in the second dimension (though other separation strategies have
also been successfully combined) (Camacho-Carvajal et al., 2004;
Kinoshita et al., 2009) (Figure 2B). Because the negative charge of
the phosphate monoester causes a reduction in the pI of the pro-
tein, the migration of the phosphorylated species is altered during
IEF. Separation in the second dimension therefore leads to clearly
discernable spot trains along the vertical or horizontal axes, corre-
sponding to differentially phosphorylated species. When coupled
with western blot analysis, 2D-PAGE can offer insights into either
the phosphorylation status of a specific cellular protein or global
changes in phosphorylation across the entire proteome (e.g.,
changes in Tyr phosphorylation). Alternatively, proteins can first
be stained with a contrast agent, such as Coomassie dye or sil-
ver stain, then excised from the gel, and sequenced using either
Edman sequencing or quantitative MS/MS.
One of the greatest strengths of 2D-PAGE is that it simul-
taneously offers insights into the relative expression levels and
post-translational modifications of intact cellular proteins. At
the same time, this also highlights one of its limitations with
respect to phosphosite identification. Indeed, because phospho-
rylated proteins are often present at relatively low levels inside
cells, many phosphoproteins can be missed using this approach.
In some cases, this limitation can be overcome through the
use of sensitive phosphodetection reagents, such as radioactive
ATP or phosphospecific antibodies, or through phosphoprotein
enrichment procedures, such as immobilized metal affinity chro-
matography (IMAC) using trivalent metal ions such as Fe3+ and
Ga3+ (Posewitz and Tempst, 1999; Kosako and Nagano, 2011).
Likewise, subcellular fractionation can be used to examine the
phosphorylation profiles of proteins within specific subcellular
compartments (Stasyk et al., 2007).
To gain insights into differential phosphophorylation of cellu-
lar proteins using 2D-PAGE, two sets of lysates must be compared
(e.g., cell extracts from healthy vs. diseased cells). However, due
to inherent technical obstacles stemming from gel-to-gel variabil-
ity and differential staining of proteins, cross-gel comparisons are
often difficult using this approach. To address these limitations,
researchers have developed 2D-differential gel electrophoresis
(2D-DIGE) methodologies (Minden, 2012) (Figure 2B). In a 2D-
DIGE experiment, spectrally distinct, charge-matched fluorescent
dyes, such as Cy3 and Cy5, are used to label the proteins in
individual lysates. The two lysates, each labeled with a distinct
dye, are then mixed and examined by 2D-PAGE. Because 2D-
DIGE permits the analysis of multiple lysates on a single gel,
direct comparison between different experimental conditions is
relatively straightforward. Moreover, due to their high intrinsic
brightness, the fluorescent dyes used for labeling are well-suited
for the detection of low abundance protein species (Mujumdar
et al., 1993; Kosako and Nagano, 2011). Importantly, quantita-
tion of the fluorescence intensity of each spot also allows relative
levels of phosphorylation to be measured directly. Using this
approach, Pellegrin et al. conducted a proteome-wide analysis
of primary erythrocytes undergoing apoptosis following erythro-
poietin withdrawal (Pellegrin et al., 2012). These studies revealed
changes in both protein abundance and the phosphorylation pro-
files of many important cellular proteins, including several heat
shock protein 90 (Hsp90) isoforms.
Despite the improved sensitivity and analytical power afforded
by 2D-DIGE, methods based on 2D-PAGE are still only able to
identify changes in a few hundred proteins at a time (Choudhary
and Mann, 2010). This makes it difficult to gain a truly systems-
level view of phosphorylation networks, where thousands of
different cellular proteins may be phosphorylated at any given
time. In this respect, the development of shotgun proteomics
approaches based on MS/MS has been truly revolutionary.
Indeed, studies employing shotgunMS/MS have recently led to an
explosion in the number of annotated cellular phosphorylation
sites, opening new avenues of research in systems biology.
Like the other “top-down” approaches discussed above, MS-
based detection of phosphosites requires cell lysis prior to analy-
sis. Following lysis, proteins are generally resolved by a separation
technique suitable to the sample volume to be analyzed (e.g.,
SDS-PAGE or column chromatography) and digested using an
Arg/Lys-directed protease, such as trypsin, chymotrypsin or lysyl
endopeptidase (Figure 2C). Phosphopeptides are then enriched
using one of several phosphoenrichment procedures discussed
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below. The enriched phosphopeptides are separated by reverse-
phase liquid chromatography (LC) before being ionized by elec-
trospray ionization as they elute from the column. Finally, the
ionized peptides are loaded onto an in-line mass analyzer for
analysis. In the case of MS/MS, two mass analyzers, for exam-
ple an ion trap instrument and an orbitrap instrument, are often
used in tandem to increase the resolution of detection3. In this
scheme, the first mass analyzer is used to obtain a mass spec-
trum of all peptides eluting from the column at a given time.
Once the first mass spectrum is obtained, peptides with a spe-
cific mass-to-charge ratio (m/z) are isolated, further fragmented
through high-energy interactions, and analyzed by the second
mass analyzer (modern mass spectrometers can isolate individ-
ual peptides in a matter of milliseconds) (Choudhary and Mann,
2010). The tandemmass spectra obtained from these experiments
are then compared against protein sequence databases or in silico
peptide fragmentation spectra in order to match the peptide frag-
ments to a corresponding cellular protein (Gafken and Lampe,
2006). A 79.97Da increase in the mass spectrum of a peptide
fragment is indicative of phosphorylation; however, it is impor-
tant to note that, if multiple Ser/Thr/Tyr residues are present in
close proximity to one another in a peptide, it is often difficult to
unambiguously identify the site of phosphorylation.
Though MS analysis has been used for decades to analyze
relatively simple mixtures consisting of a few hundred proteins,
recent advances have now made possible the identification of
thousands of phosphopeptides in a single study. As a conse-
quence, MS-based studies have contributed to an unprecedented
increase in the number of known phosphoproteins and phos-
phosites, which currently stands at just under 118,500 unique
phosphosites in ∼16,400 non-redundant proteins across human,
mouse, and several other species [PhosphositePlus database (as of
4/13/2014)]. As we discuss below, this veritable explosion in phos-
phosite data has been made possible by several key technological
advances in MS-based analysis of the phosphoproteome, includ-
ing (1) the development of phosphopeptide enrichment methods,
(2) improvements in the resolution and accuracy of mass ana-
lyzers, (3) the emergence of alternative fragmentation methods,
and (4) the development of computational algorithms that allow
high-confidence peptide identification and phosphosite localiza-
tion. Moreover, the introduction of quantitation strategies based
on isotopic labeling allows researchers to track dynamic changes
in global phosphorylation profiles in response to a particular cel-
lular stimulus. Due to the existence of a number of excellent
reviews on these topics, (Choudhary and Mann, 2010; Kosako
and Nagano, 2011; Johnson and White, 2012; Kinoshita-Kikuta
et al., 2012; Nilsson, 2012; Ong, 2012; Rigbolt and Blagoev, 2012)
here we will only highlight these innovations and briefly dis-
cuss how they have been used to gain a systems-level view of
phosphorylation networks.
As alluded to above, the occupancy of many phosphosites is
sub-stoichiometric. As a consequence, at any given time, only a
small fraction of the total copies of a protein species are expected
3It should be noted that MS/MS can also be achieved “in time” using a sin-
gle mass analyzer with multiple separation steps being instituted at different
times.
to be phosphorylated at a particular site. When coupled with
the fact that many phosphoproteins involved in signal transduc-
tion are already expressed at relatively low levels, detection of
phosphorylated species represents a major challenge to phos-
phosite identification. To overcome these challenges, researchers
have recently developed a variety of phoshpoenrichment tech-
niques designed to selectively bind phosphorylated peptides. In
addition to the IMAC- (Andersson and Porath, 1986; Posewitz
and Tempst, 1999) and Phos-Tag-based (Nabetani et al., 2009)
approaches discussed above, phosphoenrichment strategies using
chromatographic separation by strong cation exchange (SCX),
hydrophilic interactions, or immobilized metal oxides, such as
titanium dioxide (TiO2) and ziroconium dioxide (ZrO2), have
also been successfully combined with MS/MS for phosphosite
identification (Ruprecht and Lemeer, 2014; Yang et al., 2014).
Likewise, immunopurification using phosphospecific antibod-
ies, such as anti-pTyr antibodies or antibodies raised against the
phosphorylated form of the consensus phosphorylationmotif of a
kinase-of-interest (Zhang et al., 2002), provide information about
phosphorylation on a particular type of residue (e.g., Tyr) or in
a particular sequence context (e.g., a kinase consensus motif),
respectively. Due to their high degree of enrichment and ease
of use, IMAC- and metal oxide-mediated enrichment strategies
are currently the most popular methods for phosphoproteomic
analysis. However, these methods are also prone to non-specific
interactions with acidic peptides containing a disproportionate
number of Asp and Glu residues. Therefore, it is sometimes nec-
essary to combine one or more enrichment methods prior to
analysis by LC-MS/MS.
In addition to the development of phosphoenrichment meth-
ods, improvements in the resolution and mass accuracy of mod-
ern mass analyzers have greatly improved our ability to detect
phosphosites in complex mixtures. For instance, whereas stan-
dard ion trap mass spectrometers can typically resolve a few
hundred to a thousand individual peptides as they emerge from
the reverse phase column, modern time-of-flight (TOF) and orbi-
trap instruments exhibit a mass resolution of 20,000 and 100,000,
respectively. Moreover, these instruments exhibit mass accuracies
in the low parts-per-million, dramatically improving the cover-
age that can be achieved in a single experiment. Together, the
increased resolution and mass accuracy afforded by modern mass
spectrometers allows much more complex mixtures to be ana-
lyzed at once, markedly improving both the throughput of a
given experiment and the confidence in the resulting peptide
assignments.
One of the primary challenges in phosphosite detection is
preservation of phosphorylation during peptide fragmentation.
This is because collision-induced dissociation (CID) methods,
which accelerate the ionized peptides in a collision cell and
then bombard them with inert gases such as helium, nitro-
gen, or argon, tend to cause the cleavage of the phosphate
monoester linkage on hydroxyamino acid residues (Kosako and
Nagano, 2011). The development of “phosphate-friendly” frag-
mentation methods, such as higher energy collisional dissocia-
tion (HCD) (Olsen et al., 2007), electron capture dissociation
(ECD) (Zubarev et al., 2000), and electron transfer dissocia-
tion (ETD) (Syka et al., 2004), permits efficient fragmentation
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without cleavage of the phosphoester bond. As a consequence,
more phosphosites will be preserved and available for detec-
tion. Importantly, because the fragmentation mechanisms used
by ETD and CID are complementary, these methods can be used
together to improve identification of phosphopeptides (Na and
Paek, 2014).
Once mass spectra are generated, peptide sequences are typ-
ically identified by comparing the spectra with databases spe-
cific for the species under study. A number of currently avail-
able database search algorithms, such as MASCOT, SEQUEST,
X!Tandem, and the Open Mass Spectrometry Search Algorithm
(OMSSA), (Eng et al., 1994; Perkins et al., 1999; Craig and Beavis,
2003; Geer et al., 2004) are amenable to the identification of phos-
phorylated peptides. In general, these algorithms compare the
experimentally determined mass spectra to theoretical fragmen-
tation spectra generated in silico. Various scoring metrics are then
used to determine the likelihood that a given match represents a
bona fide phosphorylation event.
In addition to database searches, de novo sequencing
approaches have also been developed. Unlike database searches,
which are restricted by available sequence data, modern de novo
approaches, such as DeNovoPTM, (He et al., 2013) infer the
amino acid sequence (and any modifications thereto) directly
from the MS/MS spectrum. Consequently, they are able to detect
modifications in mutated proteins that may otherwise be missed.
However, because de novo approaches are highly dependent on
the quality of the spectral data, they are often prone to errors
caused by incomplete or random fragmentation patterns (Na
and Paek, 2014). To overcome these limitations, hybrid meth-
ods have been developed that conduct the database search using
short sequence tags composed of two to four amino acids (deter-
mined by de novo sequencing). The use of sequence tags, which
are less sensitive to sequencing errors than complete de novo
sequencing, can dramatically reduce the database search time by
reducing the search space to only a few candidate peptides that
contain the sequence tag. By comparing the experimentally deter-
mined mass spectra with the theoretical spectra associated with
the sequence tag, hybrid approaches have the potential to rapidly
identify phosphorylation events on peptides (as well as many
other modifications).
However, as alluded to above, in many cases a phosphorylated
peptide may contain multiple phosphorylatable residues. In these
cases, the unambiguous assignment of phosphosites is a non-
trivial task. Therefore, to facilitate phosphosite identification,
programs such as MASCOT and MSQuant include algorithms
that assign a confidence score to each Ser, Thr, and Tyr residue
present in a peptide sequence. Similar algorithms, such as the
Ascore algorithm, can also be applied to MS spectra to facilitate
phosphosite identification (Beausoleil et al., 2006; Olsen et al.,
2006; Savitski et al., 2011).
Finally, due to the complex nature of biological samples and
the run-to-run variations that can occur at several steps in the
fractionation/detection protocol, traditionally it has been diffi-
cult to monitor changes in the phosphorylation status of cellular
proteins using MS/MS-based approaches. However, the develop-
ment of quantitative MS methods, such as stable isotope labeling
of amino acids in cell culture (SILAC) (Ong, 2012) and isobaric
tags for relative and absolute quantitation (iTRAQ) (Evans et al.,
2012), have made it possible to directly compare phosphoryla-
tion profiles of multiple samples in a single experiment. These
approaches, which rely on isotopic labeling of protein and peptide
fragments, respectively, have quickly becomemainstays in systems
biology research.
In SILAC, two sets of cells are grown in culture media con-
taining either a stable isotope of a particular “heavy” amino
acid(s) (usually 13C-Arg and/or 13C-Lys) or its normal, “light”
counterpart (Figure 2C). As a consequence, cellular proteins are
metabolically labeled with either the heavy or the light iso-
tope. Following lysis, the differentially labeled lysates are mixed
together and subjected to identical digestion, separation, enrich-
ment, and detection procedures. Meanwhile, iTRAQ and its close
cousin, tandem mass tag (TMT) (Dayon and Sanchez, 2012; Jia
et al., 2012), incorporate an isotopically labeled tag on peptide
fragments in vitro following protease digestion. Because pep-
tide fragments are labeled after lysis using iTRAQ and TMT,
these approaches are amenable to analysis of primary cells as
well as cultured cells. However, as with any in vitro reaction,
care must be taken to minimize side reactions that can obscure
analysis.
The power of isotopic labeling techniques stems from the
fact that isotopic isomers are chemically identical—and therefore
behave identically during LC-MS/MS—but can be distinguished
from one another during detection due to a measurable offset
between their m/z ratios (Figure 2C). As a consequence, rela-
tive changes in the phosphorylation status at a particular site can
be measured by calculating the ratio of intensities between the
heavy and light isotopes for each fragment. These quantitativeMS
approaches have proven to be powerful means of tracking system-
wide changes in phosphorylation networks in a variety of cellular
contexts and, as we will see in Section Computational Models
of Phosphorylation Networks, provide critical information that
facilitates systems-level modeling of dynamic phosphorylation
networks.
Together, the advances in MS technology described above have
led to the identification and, in many cases quantitative profil-
ing, of a very large number of phosphosites that occur within
the cell. Indeed, the identification of thousands, and even tens
of thousands, of phosphosites in a single study is often achieved
(Choudhary and Mann, 2010). For instance, in a SILAC-based
experiment, Olsen et al. employed SCX/TiO2 enrichment and ion
trap-orbitrap MS/MS to identify over 20,400 unique phosphory-
lation sites on ∼6000 cellular proteins isolated from HeLa cells
undergoing mitosis (Olsen et al., 2010). In addition to recov-
ering a large percentage of known phosphosites involved in the
mitotic transition, this study also uncovered nearly 10,000 pre-
viously unknown sites. More recently, Mertins et al. used an
i-TRAQ-based protocol to profile ischemia-induced changes in
the phosphoproteomes of human ovarian tumor and breast can-
cer xenograft tissues (Mertins et al., 2014). Among the >25,000
phosphosites identified in these studies, approximately one quar-
ter of them (24%) were either up- or down-regulated in response
to short periods of ischemia (<60min). The altered phospho-
sites were predominantly associated with stress-response path-
ways, such as EGFR and MAPK pathways, suggesting that these
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pathways are activated at very early stages during the ischemic
response.
Together, large-scale MS-based studies have greatly expanded
the number of annotated phosphoproteins and phosphosites in
the phosphoproteome. These data have facilitated global analy-
sis of phosphorylation networks and provided important insights
into the cellular targets of protein kinases and phosphatases.
However, as alluded to above, MS/MS and other “top-down”
approaches are unable to definitively match a given phosphoryla-
tion event with the upstream kinase or phosphatase. This notion
is underscored by several recent studies that directly examined
the interconnectedness of components within phosphorylation-
dependent signaling networks. For instance, Bodenmiller et al.
employed targeted gene disruption and select analog sensitive
kinase (as-kinase) variants to conduct a systems-wide analysis of
yeast phosphorylation networks (Bodenmiller et al., 2010). Using
quantitative MS/MS, they identified over 8800 phosphorylation
events that are regulated by 97 kinases and 27 phosphatases.
Not surprisingly, in addition to direct KSRs, they also observed
phosphorylation events that were modulated indirectly by dis-
ruption of the target kinase/phosphatase activity. Perhaps more
interestingly, these analyses revealed that the number of indirect
interactions greatly outnumbered the number of direct interac-
tions, accounting for ∼2/3 of the total regulated phosphorylation
events in the case of kinase gene disruption. Similarly, Breitkreutz
et al. generated an extensive kinase-phosphatase interaction (KPI)
network in yeast and used it to examine the relationships between
phosphorylation-dependent signaling modules. These studies
revealed locally dense regions within the network centered around
several key signaling molecules, such as the Ser/Thr phosphatase,
cell division cycle 14 (Cdc14), and the Ser/Thr kinases, target of
rapamycin complex 1 and 2 (TORC1 and TORC2) (Breitkreutz
et al., 2010). Within this network, they also uncovered a signif-
icantly enriched kinase–kinase (K–K) interaction network that
was extremely robust to fragmentation by hub deletion. A sim-
ilar K–K network is highly conserved between yeast and humans
(Newman et al., 2013). Together, these studies suggest that com-
ponents within phosphorylation-dependent signaling networks
are highly interconnected, exhibiting far less modularity than
would be expected from the simple linear pathways typically used
to depict cellular signaling pathways. As a consequence, modula-
tion of a single network component (e.g., an upstream kinase)
is likely to impact the phosphorylation status not only of its
immediate downstream substrates, but also that of a large num-
ber of substrates that are not directly connected to the target
within the network. This makes it extremely difficult to iden-
tify direct KSRs for the majority of kinases in vivo. Therefore, in
addition to the identification of additional phosphoproteins and
phosphosites, a major challenge in systems biology research has
been to match annotated phosphosites to their upstream kinases
and/or phosphatases. This requires information about phospho-
sites that occur under various cellular conditions, derived from
“top-down” approaches, as well as information about direct
KSRs, obtained by “bottom-up” approaches. To this end, several
methods have been developed to integrate data obtained in vitro
and in vivo to create high-resolution maps of phosphorylation
networks.
COMBINED APPROACHES TO CONNECT PHOSPHOSITES TO THEIR
COGNATE KINASES
Methods designed to connect phosphosites to their immediate
upstream kinase(s) generally require information about consen-
sus phosphorylation motifs (Figure 3). Traditionally, consensus
phosphorylation sites have been derived from positional scan-
ning peptide arrays (Figure 3A). For instance, positional scanning
peptide arrays have been designed to identify phosphorylation
motifs for Ser/Thr kinases (Chen and Turk, 2010). These arrays
are composed of a collection of synthetic peptides containing
a central phosphoacceptor site surrounded by degenerate posi-
tions containing equimolar amounts of 17 amino acids (Cys, Ser,
and Thr are generally excluded). In each peptide, one position
(encoding either one of the 20 common amino acids or pThr
or pTyr) remains fixed while all other positions are varied. Each
peptide mixture is then incubated with the kinase-of-interest in
the presence of radioactive ATP, immobilized on a functionalized
glass surface, and washed extensively. In a related approach using
so-called peptide SPOT microarrays, the peptides are immobi-
lized on a functionalized glass surface prior to incubation with
the kinase-of-interest (Leung et al., 2009). After washing, the
intensity of each spot is used to identify those residues that
are preferred by the kinase-of-interest at a particular position
relative to the phosphoacceptor site. Using this approach, consen-
sus phosphorylation motifs have been determined for a number
of important protein kinases, including PKA, Src, Akt, PIM1,
and PKC.
One of the primary advantages of peptide arrays for consensus
phosphorylationmotif discovery is that the peptides in the matrix
are relatively well defined (at least to the extent that the phos-
phoacceptor site and the fixed position are constant and all other
positions contain equimolar amounts of the other amino acids).
However, because the length of the derived motif is limited by the
number of residues in the peptides and post-translational modi-
fications other than pTyr or pThr are not present in the synthetic
peptides, this approach may lack important information regard-
ing the molecular determinants of kinase specificity. Moreover,
since the peptides are not in the context of the full-length protein
substrate, other factors involved in substrate recognition, such as
docking sites or tertiary structure, are absent. Therefore, as a com-
plementary approach, we developed an algorithm, termed Motif
discovery based on protein Microarrays and MS/MS (M3), that
combines data about KSRs determined in vitro using functional
protein microarrays with information about phosphorylation
sites identified in vivo by MS/MS analyses (Newman et al., 2013)
(Figure 3B). M3 first maps in vivo phosphorylation sites onto the
each of the substrates identified on the microarray for a given
kinase. It then uses an iterative approach to identify those residues
that are enriched at various positions around the phosphoaccep-
tor site. Using this approach, we predicted consensus motifs for
each of the 289 unique kinases in our human kinase collection
(including distinct Tyr and Ser/Thr motifs for several dual speci-
ficity kinases). When motifs generated by M3 were compared
to those generated by positional scanning peptide arrays, a high
degree of similarity was observed between them.
One of the greatest strengths of M3 is its flexibility. For
instance, though we chose to examine 15-mers in our study in
www.frontiersin.org August 2014 | Volume 5 | Article 263 | 11
Newman et al. Systems-level view of phosphorylation networks
FIGURE 3 | Identification of consensus phosphorylation motifs.
(A) Determination of phosphorylation motifs using scanning peptide arrays.
A library of biotinylated peptides is first synthesized in which one position is
fixed (red circles) at a defined position relative to the phosphoacceptor site
(green circles). The fixed position can be any of the 20 canonical amino acids,
as well as pThr or pTyr. All other positions in the peptide mixture contain
equimolar amounts of the canonical amino acids, excluding Ser, Thr, and Cys
(blue circles). To determine the consensus motif, each peptide mixture is
incubated with the kinase-of-interest (KOI) in the presence of [γ32P]-ATP
before being immobilized on a streptavidin-coated membrane (right). The
membrane is then washed, dried, and imaged. The resulting autoradiogram
can be used to determine a consensus phosphorylation motif for the KOI
based on the relative intensity of each spot in the array. (B) Consensus
phosphorylation motif identification using the M3 algorithm. Known in vivo
phosphorylation sites, determined primarily by MS/MS analysis, are first
mapped onto each of the substrates of the KOI (e.g., CAMK2D) identified by
phosphorylation assays using functional protein microarrays. M3 then uses an
iterative approach to identify those residues that are enriched at each position
relative to the phosphoacceptor site. The resulting matrix is used to construct
a consensus phosphorylation motif for the KOI. (C) Consensus
phosphorylation motif prediction using quantitative MS/MS. Cell lysates are
first dephosphorylated, then incubated with the KOI and analyzed by
quantitative MS/MS using phospho-enrichment. Statistically-overrepresented
residues are used to construct a consensus phosphorylation motif for the KOI.
order to facilitate comparison withmotifs determined using scan-
ning peptide arrays, in theory, motifs of various lengths can
be generated in a relatively straightforward manner. Likewise,
because M3 includes information about the entire amino acid
sequence surrounding the putative phosphoacceptor site, aside
from information about which residues are preferred at a par-
ticular position, it also provides insights into which residues are
disfavored at select positions. This information may be particu-
larly useful in understanding the substrate selectivity of kinases
that have very similar motifs (e.g., closely-related members of the
same kinase family). That being said, because it uses an itera-
tive approach for motif discovery, M3 requires a relatively large
number of substrates/phosphosites for accurate motif predic-
tion. Likewise, the accuracy of M3 is limited by the number of
known KSRs, on the one hand, and the number of annotated
in vivo phosphosites, on the other. As these data sets continue
to expand, it is likely that the accuracy of M3 with continue to
improve, as well.
In addition to themicroarray-based strategies described above,
several groups have recently developed MS/MS-based approaches
for motif discovery (Huang et al., 2007; Chou et al., 2012;
Kettenbach et al., 2012; Knight et al., 2012) (Figure 3C). In gen-
eral, these methods rely on the phosphorylation of eukaryotic
cell lysates by an active, recombinant kinase. To identify con-
sensus motifs, the phosphorylation reaction is carried out in
lysates that have previously been dephosphorylated, followed by
trypsin digestion, phosphopeptide enrichment, andMS/MS anal-
ysis. Like M3, this approach benefits from the use of full-length
protein substrates. However, because it is often difficult to fully
dephosphorylate the lysates, the background signal may be high
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using this approach. Recently, Chou and colleagues described an
interesting solution to this problem (Chou et al., 2012). Their
approach, termed Proteomic Peptide Library (ProPeL), relies on
exogenous expression of eukaryotic kinases in E. coli. Because
E. coli express only two Ser/Thr kinases, ProPeL is expected to
exhibit a very low background signal when examining eukary-
otic Ser/Thr kinases. As a consequence, Ser/Thr phosphorylation
events mediated by the kinase-of-interest should be more read-
ily detectable. Using this approach, which uses the bacterial
proteome as surrogate substrates for the kinase-of-interest, the
authors accurately identified motifs for two Ser/Thr kinases, PKA
and Casein Kinase II, suggesting that the use of bacterial proteins
does not alter the substrate preferences of these kinases. Though it
is well known that the activity of many eukaryotic kinases is poor
in bacteria, the use of bacterial lysates with recombinant eukary-
otic kinases could facilitate motif discovery using MS/MS-based
approaches in the future.
Another attractive solution to this problem is the use of the as-
kinases pioneered by Kevan Shokat’s group (Bishop et al., 2001;
Koch and Hauf, 2010). Analog sensitive kinases are generated
by incorporating a functionally silent active site mutation into
the kinase-of-interest, allowing the mutant enzyme to utilize an
ATP analog that contains a bulky substituent at the N6 posi-
tion (e.g., N6-benzyl-, N6-cyclopentyl-, or N6-phenylethyl-ATP).
This is usually achieved by converting a bulky Met, Leu, Phe,
or Thr residue in the ATP binding pocket to a smaller residue,
such as Gly or Ala. Because the bulky substituent on the ATP
analog cannot be used by either the wild-type version of the
kinase or by the majority of other cellular kinases, incubation
with the ATP analog containing radioactive phosphate at the γ-
position is expected to label only direct substrates of the as-kinase.
Subsequent analysis by 2D-PAGE and MS permits the identifica-
tion of direct substrates. Variations on this approach, for example
through the incorporation of a thiol group into the γ phos-
phate of the ATP analog (e.g., via [γS]-ATP4), also allow direct
as-kinase substrates to be identified through thiol-dependent
enrichment and MS/MS-based analysis. Based on the substrates
and phosphosites identified through these analyses, a consen-
sus phosphorylation motif for the as-kinase can be derived. It
should be noted that, because the ATP analogs are not cell perme-
able, this approach is generally restricted to cell lysates. However,
as-kinase-specific inhibitors, such as a series of 4-amino-1-
tert-butyl-3-phenylpyrazolo[3,4-d]pyrimidine derivatives, can be
used to specifically inhibit as-kinases in cells. In this way, indirect
identification of as-kinase substrates can be achieved (though, as
demonstrated by Bodenmiller et al., this approach may also iden-
tify substrates whose phosphorylation status is not directly mod-
ulated by the as-kinase Bodenmiller et al., 2010). Recently, Zhang
and colleagues used a structure-guided approach to develop a
series of potent inhibitors that target of a variety of as-kinases
(Zhang et al., 2013). Though, to date, as-kinase variants and cor-
responding ATP analogs have been generated for only a subset of
the kinases in the human kinome, the majority of kinases in the
human kinome contain a bulky “gatekeeper” residue in the ATP
4[γS]-ATP can be utilized by most protein kinases, but not by most other
cellular ATPases (Koch and Hauf, 2010).
binding pocket. Therefore, in theory, this approach is generally
applicable to a large number of kinases.
Once a consensus motif is identified, it is possible to make
predictions about which kinases are responsible for the phos-
phorylation event. Indeed, by combining information about con-
sensus phosphorylation motifs with phosphosites identified by
MS/MS analysis, several groups have developed computational
methods to predict which kinase(s) is likely to phosphorylate a
given site in vivo (Linding et al., 2007, 2008; Song et al., 2012;
Newman et al., 2013). Though many of the early KSR pre-
diction methods utilized sophisticated search algorithms, such
as position-specific scoring matrices, neural networks, or sup-
port vector machines, to scan the primary amino acid sequence
of a given protein for the motif-of-interest (Yaffe et al., 2001;
Brinkworth et al., 2003; Blom et al., 2004; Hjerrild et al., 2004;
Kim et al., 2004; Xue et al., 2005, 2006; Wong et al., 2007), these
algorithms were generally more successful at identifying puta-
tive in vitro KSRs than they were at accurately predicting KSRs
that actually occur inside the cell. This is due, in large part, to
lack of contextual information about the kinase-substrate pair
(Linding et al., 2008; Song et al., 2012). Therefore, in addition
to consensus phosphorylation motifs, more recent platforms also
integrate GO data, such as information about protein expres-
sion, subcellular localization, and protein–protein interactions, to
improve the predictive power of the algorithms (Linding et al.,
2007, 2008; Song et al., 2012; Newman et al., 2013). In this way,
extensive phosphorylation networks have been constructed that
connect cellular substrates and/or phosphosites to their immedi-
ate upstream kinase(s). Though still in their infancy, the utility
of these methods has grown considerably in recent years. For
instance, using current data about validated in vivo KSRs, the
true positive rate of the NetworKIN algorithm, which pioneered
the use of consensus motifs (determined by scanning peptide
arrays) with contextual information about kinase-substrate pairs
in cells, is 0.76% (48 true positives out of a total 6338 phos-
phosite identifications) (Linding et al., 2007; Newman et al.,
2013). Meanwhile, more recent approaches, such as the in vivo
group-based prediction system (iGPS) (Song et al., 2012) and the
CEASAR approach (which Connects Enzymes And Substrates at
Amino acid Resolution) perform markedly better, with the lat-
ter exhibiting a true positive rate of 17.2% (758/4417) (Newman
et al., 2013). Though the predictive power of these approaches
is currently limited by several parameters, including the avail-
ability of GO data, in vivo phosphosites, and information about
consensus phosphorylation motifs, the high resolution maps that
they generate have the potential to provide a wealth of informa-
tion about the organization of cellular phosphorylation networks.
This information will be invaluable for identifying those KSRs
that are likely to occur inside the cell. Importantly, they also
provide a framework for identifying points of signal integration
between distinct pathways.
REGULATION OF PHOSPHORYLATION-DEPENDENT
SIGNALING PATHWAYS
In addition to information about the sites on a substrate that
can be phosphorylated by a given kinase (or dephosphorylated
by given phosphatase), it is important to know when and where
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phosphorylation is likely to occur inside the cell. Such informa-
tion can provide key insights into the physiological consequences
of phosphorylation. Indeed, the tight spatial and temporal regu-
lation of cellular phosphorylation networks is believed to under-
lie the specificity of cellular signal transduction. Therefore, in
order to gain a more comprehensive understanding of dynamic
phosphorylation networks, the static maps of phosphorylation
networks described in the previous section will need to be sup-
plemented with information about the spatiotemporal regulation
of the protein kinases and phosphatases within these networks.
Traditionally, this has been achieved by examining changes
in the phosphorylation state of representative cellular substrates
before and after stimulation. Changes in the phosphorylation
status of these proteins are typically determined using two
complementary approaches. In the first approach, cellular pro-
teins are isolated by either subcellular fractionation or immuno-
precipitation so that their phosphorylation status can be probed
using one of the phosphodetection methods discussed above
(e.g., 2D-PAGE, MS/MS or western blotting using phosphospe-
cific antibodies). While careful experimental design and the use
of general phosphatase and/or kinase inhibitors allows for decent
temporal resolution using this approach, its spatial resolution
is often poor because cellular architecture is disrupted during
the lysis procedure. Moreover, since a large number of cells are
required to obtain enough protein for analysis, this approach
lacks single cell resolution, potentially masking subtle, yet impor-
tant, differences between individual cells. The other approach,
immunofluorescence using phosphospecific antibodies, offers
excellent spatial resolution and can provide insights into cell-
to-cell differences within a given population. However, because
the cells must be fixed prior to analysis, this approach suffers
from poor temporal resolution. Importantly, neither approach
is able to examine changes in phosphorylation in living cells.
Therefore, these methods offer only a “snapshot” of the dynamic
changes in kinase and phosphatase activities that characterize
most phosphorylation-dependent signal networks under physio-
logical conditions.
GENETICALLY-TARGETABLE BIOSENSORS TO TRACK KINASE ACTIVITY
PROFILES IN LIVING CELLS
In order to study the activity profiles of cellular kinases and
phosphatases in single, living cells with high spatiotemporal
resolution, several groups have developed genetically-targetable
FRET-based biosensors (Zhang and Allen, 2007; Herbst et al.,
2009; Newman et al., 2011; Sipieter et al., 2013) (Figures 4A,B).
These biosensors, which can be directed to specific subcellular
regions through the incorporation of a targeting motif (e.g., a
NLS) or a component of a signaling complex (e.g., a scaffold pro-
tein) (Zhang et al., 2001; Kunkel and Newton, 2014), are able
to monitor real-time changes in the activity profiles of specific
pools of a given kinase or phosphatase in living cells (Kunkel and
Newton, 2009; Gao and Zhang, 2010). Importantly, as outlined in
Section ComputationalModels of PhosphorylationNetworks, the
high spatiotemporal resolution afforded by these sensors provides
kinetic data that can be integrated into computational models
that provide insights into the behaviors of entire signaling net-
works (Saucerman et al., 2006; Violin et al., 2008; Ni et al.,
2011; Greenwald et al., 2014). Moreover, with the development
of bright, spectrally distinct FPs that span the visible spectrum
(Day and Davidson, 2009; Sample et al., 2009; Newman et al.,
2011; Ai et al., 2014) and sophisticated imaging/deconvolution
protocols (Grant et al., 2008; Woehler, 2013), it is now possible
to measure changes in the activity of multiple cellular signaling
enzymes (e.g., two kinases or a kinase and a phosphatase) simul-
taneously in the same cell (Carlson and Campbell, 2009; Woehler,
2013) (Figure 4C). Such information will be particularly valuable
for understanding crosstalk between distinct signaling pathways
within phosphorylation networks.
FRET-based biosensors contain two basic components: (1)
a “sensor unit,” which undergoes a conformational change in
response to a given cellular stimulus (e.g., phosphorylation or
enzyme activation) and (2) a “reporter unit,” which converts the
induced conformational change into a change in FRET (Frommer
et al., 2009; Newman et al., 2011) (Figure 4A). While the reporter
units of most FRET-based kinase and phosphatase reporters
utilize a FP FRET pair consisting of cyan FP (CFP) and yel-
low FP (YFP) color variants, other FP combinations, such as
green/red FP (GFP/RFP), yellow/orange FP (YFP/OFP), YFP/RFP
and CFP/RFP, have also been used successfully (Sample et al.,
2009; Newman et al., 2011; Day and Davidson, 2012; Lam et al.,
2012; Ai et al., 2014). The continued refinement of the photophys-
ical properties of FPs for FRET-based applications will be critical
for the development of future biosensors. As alluded to above,
this will also facilitate the development of orthogonal activity
reporters that can be used to monitor more than one signaling
enzyme in the same cell (Figure 4C). In this respect, the develop-
ment of FPs that exhibit a large Stokes shift, such as mAmetrine
(Ai et al., 2008) and T-Sapphire (Zapata-Hommer and Griesbeck,
2003), hold great promise for multicomponent FRET imaging
(Carlson and Campbell, 2009).
While the “reporter unit” relies upon the FRET efficiency
between the FP FRET pair, the molecular switch utilized by the
“sensor unit” can take several different forms. The primary con-
sideration when developing a molecular switch is that it promotes
a conformational change in response to the cellular parame-
ter under study. For instance, some FRET-based biosensors are
designed to monitor the conformational state of the signaling
enzyme itself. Indeed, kinase activation sensors, which directly
monitor the activation of a kinase-of-interest, have been used to
study the spatiotemporal regulation of several important kinases,
including extracellular-regulated kinase 2 (ERK2) (Fujioka et al.,
2006), MAP kinase-activated protein kinase 2 (MK2) (Neininger
et al., 2001), Akt (Yoshizaki et al., 2006; Ananthanarayanan et al.,
2007; Calleja et al., 2007), focal adhesion kinase (FAK) (Ritt et al.,
2013), CaMKII (Erickson et al., 2011), and phosphoinositide-
dependent kinase 1 (PDK1) (Calleja et al., 2007; Gao et al.,
2011). For instance, this approach was recently used to monitor
the activation of PDK1 in different membrane microdomains.
To this end, Gao et al. sandwiched full-length PDK1 between
enhanced CFP (ECFP) and the YFP variant, mCitrine (Gao et al.,
2011). The resulting PDK1 activation reporter (PARE) was local-
ized to either raft or non-raft regions of the plasma membrane
using targeting motifs derived from Lyn and K-Ras, respec-
tively, and used to track changes in PDK1 activation following
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FIGURE 4 | Genetically-targetable FRET-based biosensors. (A) Design of a
FRET-based kinase activity reporter based on an engineered molecular
switch. In this design, the sensor unit is composed of a PAABD (red cylinder)
tethered to a substrate domain (green cylinder) that is specifically
phosphorylated by the kinase-of-interest (KOI; green circle). The sensor unit
is sandwiched between the reporter unit, which is comprised of two FPs that
are able to undergo FRET [e.g., CFP (cyan cylinder) and YFP (yellow cylinder)].
A targeting motif (orange envelope) is used to direct the reporter to distinct
subcellular regions. In the unphosphorylated state, the FPs are far removed
from one another and, therefore, do not undergo FRET. An increase in the
activity of the KOI leads to a phosphorylation-dependent conformational
change that alters the distance and/or orientation of the FPs, increasing FRET
between them. Phosphatase (PPase; purple oval)-mediated
dephosphorylation of the reporter switches it back to the open conformation,
reducing FRET. (B) Pseudocolor images of a live cell imaging experiment. In
this experiment, a time-dependent increase in the FRET emission ratio (YFP
FRET/CFP) is observed following stimulation with a pharmacological activator
(stimulus). Upon removal of the stimulus (wash out), the emission ratio
returns to basal levels. Warmer colors represent high activity while cooler
colors indicate low activity. (C) Several ways in which genetically-targetable
biosensors can be used to monitor real-time changes in the activity profiles of
two or more signaling enzymes in the same cell. Top panel: Activity reporters
that utilize the same FP FRET pair can be monitored simultaneously in the
same cell provided that each biosensor is targeted to a distinct subcellular
locale, such as the plasma membrane (PM) and the nucleus. Middle and
bottom panels: To track the activities of two or more signaling enzymes in the
same subcellular region, activity reporters that utilize spectrally distinct FP
FRET pairs (e.g., CFP/YFP and YFP/RFP) can be used (middle panel) or
alternative fluorescence imaging techniques, such as FRET-fluorescence
lifetime imaging (FRET-FLIM), which only measures changes in emission of
the donor fluorophore, can be employed (bottom panel). Cyto, cytoplasm;
PM, plasma membrane.
stimulation with the growth factor, platelet-derived growth factor
(PDGF). Interestingly, these studies demonstrated that, follow-
ing PDGF stimulation, PDK1 is activated in raft, but not in
non-raft, regions. The differential regulation of PDK1 appears to
be dependent on the presence of the lipid phosphatase PTEN,
which dephosphorylates phosphatidylinositol (3,4,5) triphos-
phate (PIP3) required for PDK1 activation. Because PDK1 is a
master regulator of many AGC family members, including Akt,
PKA, SGK and several PKC isoforms, these results have impor-
tant implications for understanding the regulation of PDK1-
dependent signaling networks (Arencibia et al., 2013).
In addition to biosensors designed to monitor kinase acti-
vation, many biosensors have also been developed to monitor
changes in kinase activity. Unlike the activation reporters dis-
cussed above, which exhibit a linear relationship between the sig-
nal response and the activation “event,” kinase activity reporters
benefit from enzymatic amplification of the signal. This is because
multiple reporter species can be phosphorylated by a single acti-
vated kinase. This feature stems from the design of the sensor
unit. Indeed, the sensor units of all currently available kinase
activity reporters utilize an engineered molecular switch based
upon a modular design (Zhang and Allen, 2007; Mehta and
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Zhang, 2011; Newman et al., 2011) (Figure 4A). Accordingly, a
consensus phosphorylation site specific for the kinase-of-interest
serves as the “substrate domain” while a PAABD specific for the
phosphorylated form of the substrate functions as the “switch-
ing segment.” The substrate domain and the switching segment
are typically joined together by a flexible linker and sandwiched
between a FP FRET pair, such as CFP and YFP.Whereas the length
of the linker and the choice of FRET pairs influence the dynamic
range of the reporter (Komatsu et al., 2011; Belal et al., 2014),
the choice of the substrate domain and PAABD contribute to its
specificity and reversibility, respectively. The reversibility of the
reporter is critical for monitoring kinase attenuation, which pro-
vides a clearer picture of kinase regulation within intact signaling
networks. For instance, although the first generation A-kinase
activity reporter, AKAR1, enabled kinetic analysis of subcellular
PKA activity induced by the β-AR agonist, isoproterenol, this sen-
sor was unable to report the attenuation of PKA activity following
receptor desensitization because its response was essentially irre-
versible inside cells (Zhang et al., 2001). This is likely due to
the fact that the 14-3-3τ PAABD utilized by AKAR1 binds the
phosphorylated form of the substrate domain very tightly, pre-
venting cellular phosphatases from gaining access to the substrate
region as PKA activity declines. Therefore, in order to visualize
both increases and decreases in PKA activity, a second genera-
tion PKA reporter, AKAR2, was constructed by replacing 14-3-3τ
with the weaker-binding PAABD, forkhead-associated 1 (FHA1)
(Zhang et al., 2005a). While the activation profile of AKAR2 is
similar to that observed for AKAR1, the former is also readily
reversible following removal of agonist or treatment with the PKA
inhibitor, H89.
The basic modular design described above has been used to
create activity reporters for a number of protein kinases, includ-
ing PKA, protein kinase C (PKC), ataxia telangiectasia mutated
(ATM), Akt, Abl, Src, aurora kinase B, ERK, c-Jun N-terminal
kinase (JNK), cyclin-dependent kinase 1 (CDK1), AMP-activated
protein kinase (AMPK), and the epidermal growth factor recep-
tor (EGFR) (Zhang and Allen, 2007; Newman et al., 2011; Tsou
et al., 2011; Belal et al., 2014). Using these reporters, researchers
have uncovered important details about both the kinetics and
the spatial distribution of endogenous kinase action in a vari-
ety of cellular contexts (Zhang et al., 2005a; Zhang and Allen,
2007; Erickson et al., 2011; Gao et al., 2011; Komatsu et al.,
2011; Mehta and Zhang, 2011; Newman et al., 2011; Tsou et al.,
2011; Arencibia et al., 2013; Ritt et al., 2013; Belal et al., 2014).
However, despite their unique ability to track kinase activity in
real time and at single cell resolution, to date, kinase activity
reporters are available for <3% of the 518 human kinases in
the human kinome. This is due, in large part, to limited infor-
mation about the substrate specificity of most human kinases.
Indeed, this is one of the primary obstacles to the large-scale
development of kinase activity reporters. The recent identifica-
tion of consensus phosphorylation motifs for 289 unique kinases
(representing ∼55% of the human kinome) (Newman et al.,
2013), as well as the continued characterization of PAABD fam-
ily members (Jin and Pawson, 2012; Reinhardt and Yaffe, 2013),
will facilitate the development of a large number of novel kinase
activity sensors that promise to offer important insights into
the spatial and temporal regulation of cellular phosphorylation
networks.
GENETICALLY-TARGETABLE BIOSENSORS TO TRACK PHOSPHATASE
ACTIVITY PROFILES IN LIVING CELLS
In addition to information about kinase regulation, a com-
prehensive map of phosphorylation networks will also require
an understanding of the dynamic regulation of protein phos-
phatases. However, until recently, a general design for phos-
phatase activity reporters had not been described. To address this
issue, we engineered a phosphatase activity sensor designed to
measure the activity of the Ca2+/calmodulin-regulated Ser/Thr
protein phosphatase, CaN (Newman and Zhang, 2008; Mehta
and Zhang, 2014). This reporter, termed CaN activity reporter
1 (CaNAR1), utilizes an intrinsic molecular switch based upon
dephosphorylation-induced conformational changes within the
regulatory region of NFAT1 (Okamura et al., 2000). Upon
dephosphorylation, CaNAR1 exhibits an increase in its emission
ratio that is dependent on CaN activity. Importantly, because the
regulatory region of NFAT1 is hyperphosphorylated in resting
cells by cellular kinases such as p38 and the constitutively-active
kinase, casein kinase 1 α (CK1α), CaNAR1 does not require acti-
vation of additional kinases to put it into a “dephosphorylation
competent” state. This feature ensures that the cellular environ-
ment remains relatively unperturbed prior to Ca2+ stimulation.
This and other design features utilized by CaNAR1 should be
generally applicable to other protein phosphatases as specific
molecular switches are identified or engineered. Thus, as a pro-
totype phosphatase activity sensor, CaNAR1 lays a foundation
for studying the targeting and compartmentalization of protein
phosphatases within the cellular environment.
COMPUTATIONAL MODELS OF PHOSPHORYLATION NETWORKS
The development of novel biosensors will enable the activity pro-
files of a large number of protein kinases and phosphatases to be
measured within the cellular environment, providing the exper-
imental information necessary to build detailed computational
models of phosphorylation networks. Such approaches will be
important in order to gain a systems-level understanding of the
complex regulation of phosphorylation networks in response to
various cellular stimuli. To this end, quantitative FRET-based
imaging data has been incorporated into mathematical models of
phosphorylation networks based on ordinary differential equa-
tions (Saucerman et al., 2006; Violin et al., 2008; Ni et al., 2011;
Song et al., 2012). One of the primary goals of this approach is
to determine the relative contributions of multiple feedback and
feed-forward loops in producing the tight spatiotemporal control
exhibited by many signal transduction pathways. Not only does
this tact help to uncover details about the behavior of individual
components within a given signaling network, but it can also pro-
vide crucial insights into how information is propagated through-
out the entire system. Because these types of questions are difficult
(if not impossible) to answer using experimental approaches
alone, computational methods can provide a more comprehen-
sive view of signaling networks that will ultimately promote a
better understanding of cellular signaling at the systems level. For
instance, computational models have been developed to study the
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impact of signaling enzymes in diverse cellular processes, includ-
ing PKA-mediated phosphorylation gradients in cardiomyocytes
(Saucerman et al., 2006), hippocampal neurons (Neves et al.,
2008), and pancreatic β-cells (Ni et al., 2011). Similar models
have also been constructed to examine the mechanisms by which
the activities of Ca2+/calmodulin-dependent signaling enzymes,
such as CaMKII and CaN, are differentially regulated in response
to dynamic changes in intracellular Ca2+ concentrations (Song
et al., 2008).
In addition to computational models based on fluorescence
imaging data, the advent of quantitative MS/MSmethods, such as
SILAC and iTRAQ, has also permitted the development of com-
putational models that focus on global changes in phosphoryla-
tion profiles (Kozuka-Hata et al., 2012). While models based on
data obtained using fluorescent biosensors can best be described
as kinetic and/or stochastic because they are built upon detailed
kinetic information about the behavior of each component in
the system (e.g., individual kinase and phosphatase activities),
models based on quantitative MS/MS data are best characterized
as discrete models because they describe changes in the general
profile of an entire population or system (Wu et al., 2009). For
instance, computational methods based on self-organizing maps
(Zhang et al., 2005b), partial least squares regression analysis
(Wolf-Yadlin et al., 2006; Kumar et al., 2007), Bayesian network
modeling (Bose et al., 2006; Guha et al., 2008), and numerical
modeling (Tasaki et al., 2006) have been developed.More recently,
Tian and Song described a general computational framework that
can be used to develop mathematical models derived from mul-
tiple quantitative phopshoproteomic data sets (Tian and Song,
2012). This model, which was used to model MAPK signaling
pathways, will be particularly useful for modeling highly time-
resolved phosphoproteomic data sets, such as the one reported
by Oyama et al. (2009). In this study, the authors used SILAC and
pTyr-enrichment to construct a detailed kinetic analysis of the Tyr
phosphoproteome following EGFR activation in human epithelial
A431 cells. These studies, which measured relative levels of Tyr
phosphorylation at 0.5, 2, 5, 10, 15, 20, 25, and 30min following
EGFR activation, identified both transient and sustained changes
in pTyr levels among a collection of 77 different cellular proteins.
Importantly, with continued advances in biosensor develop-
ment and quantitative MS/MS methodologies, the quality and
depth of information that can be incorporated into models of
phosphorylation networks will continue to increase, promoting
a more quantitative understanding of the molecular mechanisms
that influence signaling dynamics inside the cell. Such quantita-
tive information will be critical if we are to truly understand the
functional interactions that occur between individual signaling
enzymes to drive complex cellular behaviors.
CONCLUSION AND PERSPECTIVE
Phosphorylation-dependent signaling networks underlie diverse
cellular processes, including metabolism, cell cycle progression,
the immune response, and cell migration. Recently, the emer-
gence of several novel technologies has provided a truly systems-
level view of dynamic phosphorylation networks. Together, these
technologies are beginning to provide us with a clearer pic-
ture about (1) which cellular proteins are phosphorylated in
response to a given stimulus and/or in a particular cellular con-
text, (2) where on the protein the phosphorylation event occurs,
(3) which kinases and phosphatases are mediating phosphoryla-
tion/dephosphorylation of the phosphosite, and (4) how these
modifying enzymes are regulated inside the cell. In the future,
it will be important to expand this knowledge-base through (1)
systems-wide profiling of phosphoproteomes under different cel-
lular conditions and disease states using quantitative MS/MS and
2D-DIGE; (2) the identification of additional KSRs [and their rel-
atively under-studied counterparts, phosphatase-substrate rela-
tionships (PSRs)] using “whole-proteome” microarrays; (3) the
development of novel fluorescent biosensors and orthogonal
imaging modalities; and (4) the integration of these data into
predictive models of phosphorylation networks. Though much
work remains to be done, these goals appear to be within
reach. The next challenge will be to gain a detailed under-
standing of the functional consequences of specific phospho-
rylation events and to integrate this information with other
resources, such as protein–protein interaction data sets, global
expression profiles, and metabolomics data (Derouiche et al.,
2012; Harrold et al., 2013; Medina-Cleghorn and Nomura, 2013;
Bordbar et al., 2014). Likewise, in order to understand crosstalk
between different cellular signals (e.g., O-glycosylation and phos-
phorylation), it will be necessary to adapt the approaches devel-
oped to study phosphoproteomics to other post-translational
modifications (Choudhary and Mann, 2010; Zhu et al., 2012;
D’hondt et al., 2013; Sutandy et al., 2013). Together, this infor-
mation will provide a comprehensive view of the organiza-
tion and regulation of cellular phosphorylation networks and
beyond.
ACKNOWLEDGMENTS
This work was supported by NSF HRD-1038160 (to Robert
H. Newman), NIH R01 DK073368 (to Jin Zhang) and NIH
GM076102, RR020839, CA160036, and HG 006434 (to Heng
Zhu).
REFERENCES
Agrawal, U., Reilly, D. T., and Schroeder, C. M. (2013). Zooming in on biological
processes with fluorescence nanoscopy.Curr. Opin. Biotechnol. 24, 646–653. doi:
10.1016/j.copbio.2013.02.016
Aguilar, H. N., Tracey, C. N., Tsang, S. C., McGinnis, J. M., and Mitchell, B.
F. (2011). Phos-tag-based analysis of myosin regulatory light chain phospho-
rylation in human uterine myocytes. PLoS ONE 6:e20903. doi: 10.1371/jour-
nal.pone.0020903
Ai, H. W., Baird, M. A., Shen, Y., Davidson, M. W., and Campbell, R. E. (2014).
Engineering and characterizing monomeric fluorescent proteins for live-cell
imaging applications. Nat. Protoc. 9, 910–928. doi: 10.1038/nprot.2014.054
Ai, H. W., Hazelwood, K. L., Davidson, M. W., and Campbell, R. E. (2008).
Fluorescent protein FRET pairs for ratiometric imaging of dual biosensors.Nat.
Methods 5, 401–403. doi: 10.1038/nmeth.1207
Ananthanarayanan, B., Fosbrink, M., Rahdar, M., and Zhang, J. (2007). Live-cell
molecular analysis of Akt activation reveals roles for activation loop phospho-
rylation. J. Biol. Chem. 282, 36634–36641. doi: 10.1074/jbc.M706227200
Andersson, L., and Porath, J. (1986). Isolation of phosphoproteins by immobi-
lized metal (Fe3+) affinity chromatography. Anal. Biochem. 154, 250–254. doi:
10.1016/0003-2697(86)90523-3
Arencibia, J. M., Pastor-Flores, D., Bauer, A. F., Schulze, J. O., and Biondi, R.
M. (2013). AGC protein kinases: from structural mechanism of regulation to
allosteric drug development for the treatment of human diseases. Biochim.
Biophys. Acta 1834, 1302–1321. doi: 10.1016/j.bbapap.2013.03.010
www.frontiersin.org August 2014 | Volume 5 | Article 263 | 17
Newman et al. Systems-level view of phosphorylation networks
Beausoleil, S. A., Villen, J., Gerber, S. A., Rush, J., and Gygi, S. P. (2006).
A probability-based approach for high-throughput protein phosphoryla-
tion analysis and site localization. Nat. Biotechnol. 24, 1285–1292. doi:
10.1038/nbt1240
Belal, A. S., Sell, B. R., Hoi, H., Davidson, M. W., and Campbell, R. E. (2014).
Optimization of a genetically encoded biosensor for cyclin B1-cyclin dependent
kinase 1. Mol. Biosyst. 10, 191–195. doi: 10.1039/c3mb70402e
Besant, P. G., and Attwood, P. V. (2010). Histidine phosphorylation in his-
tones and in other mammalian proteins. Methods Enzymol. 471, 403–426. doi:
10.1016/S0076-6879(10)71021-1
Biggs, M. J., Milone, M. C., Santos, L. C., Gondarenko, A., and Wind, S. J.
(2011). High-resolution imaging of the immunological synapse and T-cell
receptor microclustering through microfabricated substrates. J. R. Soc. Interface
8, 1462–1471. doi: 10.1098/rsif.2011.0025
Bishop, A. C., Buzko, O., and Shokat, K. M. (2001). Magic bullets for protein
kinases. Trends Cell Biol. 11, 167–172. doi: 10.1016/S0962-8924(01)01928-6
Blom, N., Sicheritz-Ponten, T., Gupta, R., Gammeltoft, S., and Brunak, S.
(2004). Prediction of post-translational glycosylation and phosphorylation
of proteins from the amino acid sequence. Proteomics 4, 1633–1649. doi:
10.1002/pmic.200300771
Bodenmiller, B., Wanka, S., Kraft, C., Urban, J., Campbell, D., Pedrioli, P. G.,
et al. (2010). Phosphoproteomic analysis reveals interconnected system-wide
responses to perturbations of kinases and phosphatases in yeast. Sci. Signal. 3,
rs4. doi: 10.1126/scisignal.2001182
Bordbar, A., Monk, J. M., King, Z. A., and Palsson, B. O. (2014). Constraint-based
models predict metabolic and associated cellular functions. Nat. Rev. Genet. 15,
107–120. doi: 10.1038/nrg3643
Bose, R., Molina, H., Patterson, A. S., Bitok, J. K., Periaswamy, B., Bader, J. S., et al.
(2006). Phosphoproteomic analysis of Her2/neu signaling and inhibition. Proc.
Natl. Acad. Sci. U.S.A. 103, 9773–9778. doi: 10.1073/pnas.0603948103
Breitkreutz, A., Choi, H., Sharom, J. R., Boucher, L., Neduva, V., Larsen, B., et al.
(2010). A global protein kinase and phosphatase interaction network in yeast.
Science 328, 1043–1046. doi: 10.1126/science.1176495
Brinkworth, R. I., Breinl, R. A., and Kobe, B. (2003). Structural basis and prediction
of substrate specificity in protein serine/threonine kinases. Proc. Natl. Acad. Sci.
U.S.A. 100, 74–79. doi: 10.1073/pnas.0134224100
Calleja, V., Alcor, D., Laguerre, M., Park, J., Vojnovic, B., Hemmings, B. A.,
et al. (2007). Intramolecular and intermolecular interactions of protein kinase
B define its activation in vivo. PLoS Biol. 5:e95. doi: 10.1371/journal.pbio.
0050095
Camacho-Carvajal, M. M., Wollscheid, B., Aebersold, R., Steimle, V., and Schamel,
W. W. (2004). Two-dimensional Blue native/SDS gel electrophoresis of multi-
protein complexes from whole cellular lysates: a proteomics approach.Mol. Cell
Proteomics 3, 176–182. doi: 10.1074/mcp.T300010-MCP200
Carlson, H. J., and Campbell, R. E. (2009). Genetically encoded FRET-based
biosensors for multiparameter fluorescence imaging. Curr. Opin. Biotechnol. 20,
19–27. doi: 10.1016/j.copbio.2009.01.003
Chao, J. A., Yoon, Y. J., and Singer, R. H. (2012). Imaging translation in single cells
using fluorescent microscopy. Cold Spring Harb. Perspect. Biol. 4:a012310. doi:
10.1101/cshperspect.a012310
Chen, C., and Turk, B. E. (2010). Analysis of serine-threonine kinase specificity
using arrayed positional scanning peptide libraries. Curr. Protoc. Mol. Biol.
Chapter 18:Unit 18.14. doi: 10.1002/0471142727.mb1814s91
Chou, M. F., Prisic, S., Lubner, J. M., Church, G. M., Husson, R. N., and Schwartz,
D. (2012). Using bacteria to determine protein kinase specificity and predict
target substrates. PLoS ONE 7:e52747. doi: 10.1371/journal.pone.0052747
Choudhary, C., and Mann, M. (2010). Decoding signalling networks by mass
spectrometry-based proteomics. Nat. Rev. Mol. Cell Biol. 11, 427–439. doi:
10.1038/nrm2900
Ciruela, F. (2008). Fluorescence-based methods in the study of protein-
protein interactions in living cells. Curr. Opin. Biotechnol. 19, 338–343. doi:
10.1016/j.copbio.2008.06.003
Craig, R., and Beavis, R. C. (2003). A method for reducing the time required
to match protein sequences with tandem mass spectra. Rapid Commun. Mass
Spectrom. 17, 2310–2316. doi: 10.1002/rcm.1198
D’hondt, C., Iyyathurai, J., Vinken, M., Rogiers, V., Leybaert, L., Himpens,
B., et al. (2013). Regulation of connexin- and pannexin-based chan-
nels by post-translational modifications. Biol. Cell 105, 373–398. doi:
10.1111/boc.201200096
Day, R. N., and Davidson, M. W. (2009). The fluorescent protein palette: tools for
cellular imaging. Chem. Soc. Rev. 38, 2887–2921. doi: 10.1039/b901966a
Day, R. N., and Davidson, M. W. (2012). Fluorescent proteins for FRET
microscopy: monitoring protein interactions in living cells. Bioessays 34,
341–350. doi: 10.1002/bies.201100098
Dayon, L., and Sanchez, J. C. (2012). Relative protein quantification by MS/MS
using the tandem mass tag technology. Methods Mol. Biol. 893, 115–127. doi:
10.1007/978-1-61779-885-6_9
Dedecker, P., Mo, G. C., Dertinger, T., and Zhang, J. (2012). Widely acces-
sible method for superresolution fluorescence imaging of living systems.
Proc. Natl. Acad. Sci. U.S.A. 109, 10909–10914. doi: 10.1073/pnas.12049
17109
Dephoure, N., Gould, K. L., Gygi, S. P., and Kellogg, D. R. (2013). Mapping and
analysis of phosphorylation sites: a quick guide for cell biologists.Mol. Biol. Cell
24, 535–542. doi: 10.1091/mbc.E12-09-0677
Derouiche, A., Cousin, C., and Mijakovic, I. (2012). Protein phosphorylation from
the perspective of systems biology. Curr. Opin. Biotechnol. 23, 585–590. doi:
10.1016/j.copbio.2011.11.008
Deschenes-Simard, X., Kottakis, F., Meloche, S., and Ferbeyre, G. (2014). ERKs in
cancer: friends or foes? Cancer Res. 74, 412–419. doi: 10.1158/0008-5472.CAN-
13-2381
Deswal, S., Beck-Garcia, K., Blumenthal, B., Dopfer, E. P., and Schamel, W. W.
(2010). Detection of phosphorylated T and B cell antigen receptor species
by Phos-tag SDS- and Blue Native-PAGE. Immunol. Lett. 130, 51–56. doi:
10.1016/j.imlet.2009.12.012
Dissmeyer, N., and Schnittger, A. (2011). The age of protein kinases. Methods Mol.
Biol. 779, 7–52. doi: 10.1007/978-1-61779-264-9_2
Eng, J. K., McCormack, A. L., and Yates, J. R. (1994). An approach to corre-
late tandem mass spectral data of peptides with amino acid sequences in a
protein database. J. Am. Soc. Mass Spectrom. 5, 976–989. doi: 10.1016/1044-
0305(94)80016-2
Erickson, J. R., Patel, R., Ferguson, A., Bossuyt, J., and Bers, D. M.
(2011). Fluorescence resonance energy transfer-based sensor Camui pro-
vides new insight into mechanisms of calcium/calmodulin-dependent protein
kinase II activation in intact cardiomyocytes. Circ. Res. 109, 729–738. doi:
10.1161/CIRCRESAHA.111.247148
Evans, C., Noirel, J., Ow, S. Y., Salim, M., Pereira-Medrano, A. G., Couto, N., et al.
(2012). An insight into iTRAQ: where do we stand now? Anal. Bioanal. Chem.
404, 1011–1027. doi: 10.1007/s00216-012-5918-6
Frommer, W. B., Davidson, M. W., and Campbell, R. E. (2009). Genetically
encoded biosensors based on engineered fluorescent proteins. Chem. Soc. Rev.
38, 2833–2841. doi: 10.1039/b907749a
Fujioka, A., Terai, K., Itoh, R. E., Aoki, K., Nakamura, T., Kuroda, S., et al. (2006).
Dynamics of the Ras/ERK MAPK cascade as monitored by fluorescent probes.
J. Biol. Chem. 281, 8917–8926. doi: 10.1074/jbc.M509344200
Gafken, P. R., and Lampe, P. D. (2006). Methodologies for characterizing phos-
phoproteins by mass spectrometry. Cell Commun. Adhes. 13, 249–262. doi:
10.1080/15419060601077917
Gao, X., Lowry, P. R., Zhou, X., Depry, C., Wei, Z., Wong, G. W., et al. (2011).
PI3K/Akt signaling requires spatial compartmentalization in plasma mem-
brane microdomains. Proc. Natl. Acad. Sci. U.S.A. 108, 14509–14514. doi:
10.1073/pnas.1019386108
Gao, X., and Zhang, J. (2010). FRET-based activity biosensors to probe com-
partmentalized signaling. Chembiochem 11, 147–151. doi: 10.1002/cbic.200
900594
Geer, L. Y., Markey, S. P., Kowalak, J. A., Wagner, L., Xu, M., Maynard, D. M., et al.
(2004). Open mass spectrometry search algorithm. J. Proteome Res. 3, 958–964.
doi: 10.1021/pr0499491
Glickman, J. F. (2012). “Assay development for protein kinases” in Source Assay
Guidance Manual [Internet], eds G. S. Sittampalam, N. Gal-Edd, M. Arkin,
D. Auld, C. Austin, B. Bejcek, et al. (Bethesda, MD: Eli Lilly & Company
and the National Center for Advancing Translational Sciences). (Updated 2012
October 01).
Gorreta, F., Carbone, W., and Barzaghi, D. (2012). Genomic profiling: cDNA arrays
and oligoarrays. Methods Mol. Biol. 823, 89–105. doi: 10.1007/978-1-60327-
216-2_7
Grant, D. M., Zhang, W., McGhee, E. J., Bunney, T. D., Talbot, C. B., Kumar, S.,
et al. (2008). Multiplexed FRET to image multiple signaling events in live cells.
Biophys. J. 95, L69–L71. doi: 10.1529/biophysj.108.139204
Frontiers in Genetics | Systems Biology August 2014 | Volume 5 | Article 263 | 18
Newman et al. Systems-level view of phosphorylation networks
Greenwald, E. C., Polanowska-Grabowska, R. K., and Saucerman, J. J. (2014).
Integrating fluorescent biosensor data using computational models. Methods
Mol. Biol. 1071, 227–248. doi: 10.1007/978-1-62703-622-1_18
Guha, U., Chaerkady, R., Marimuthu, A., Patterson, A. S., Kashyap, M. K., Harsha,
H. C., et al. (2008). Comparisons of tyrosine phosphorylated proteins in cells
expressing lung cancer-specific alleles of EGFR and KRAS. Proc. Natl. Acad. Sci.
U.S.A. 105, 14112–14117. doi: 10.1073/pnas.0806158105
Guo, S. (2014). Insulin signaling, resistance, and the metabolic syndrome: insights
from mouse models into disease mechanisms. J. Endocrinol. 220, T1–T23. doi:
10.1530/JOE-13-0327
Harrold, J. M., Ramanathan, M., and Mager, D. E. (2013). Network-based
approaches in drug discovery and early development. Clin. Pharmacol. Ther. 94,
651–658. doi: 10.1038/clpt.2013.176
He, L., Han, X., and Ma, B. (2013). De novo sequencing with limited number
of post-translational modifications per peptide. J. Bioinform. Comput. Biol. 11,
1350007. doi: 10.1142/S0219720013500078
Herbst, K. J., Ni, Q., and Zhang, J. (2009). Dynamic visualization of signal transduc-
tion in living cells: from secondmessengers to kinases. IUBMB Life 61, 902–908.
doi: 10.1002/iub.232
Hjerrild, M., Stensballe, A., Rasmussen, T. E., Kofoed, C. B., Blom, N., Sicheritz-
Ponten, T., et al. (2004). Identification of phosphorylation sites in protein kinase
A substrates using artificial neural networks and mass spectrometry. J. Proteome
Res. 3, 426–433. doi: 10.1021/pr0341033
Ho, M. S., Tsai, P. I., and Chien, C. T. (2006). F-box proteins: the key to protein
degradation. J. Biomed. Sci. 13, 181–191. doi: 10.1007/s11373-005-9058-2
Honigmann, A., Mueller, V., Hell, S. W., and Eggeling, C. (2013). STEDmicroscopy
detects and quantifies liquid phase separation in lipid membranes using a new
far-red emitting fluorescent phosphoglycerolipid analogue. Faraday Discuss.
161, 77–89. doi: 10.1039/c2fd20107k
Hu, J., Rho, H. S., Newman, R. H., Hwang,W., Neiswinger, J., Zhu, H., et al. (2014).
Global analysis of phosphorylation networks in humans. Biochim. Biophys. Acta
1844, 224–231. doi: 10.1016/j.bbapap.2013.03.009
Hu, S., Xie, Z., Onishi, A., Yu, X., Jiang, L., Lin, J., et al. (2009). Profiling the
human protein-DNA interactome reveals ERK2 as a transcriptional repressor
of interferon signaling. Cell 139, 610–622. doi: 10.1016/j.cell.2009.08.037
Hu, S., Xie, Z., Qian, J., Blackshaw, S., and Zhu, H. (2011). Functional protein
microarray technology. Wiley Interdiscip. Rev. Syst. Biol. Med. 3, 255–268. doi:
10.1002/wsbm.118
Huang, S. Y., Tsai, M. L., Chen, G. Y., Wu, C. J., and Chen, S. H. (2007). A systematic
MS-based approach for identifying in vitro substrates of PKA and PKG in rat
uteri. J. Proteome Res. 6, 2674–2684. doi: 10.1021/pr070134c
Huang, Z. X., Zhao, P., Zeng, G. S., Wang, Y. M., Sudbery, I., and Wang, Y. (2014).
Phosphoregulation of Nap1 plays a role in septin ring dynamics and morpho-
genesis in Candida albicans. MBio 5:e00915-13. doi: 10.1128/mBio.00915-13
Hunter, T. (1996). Tyrosine phosphorylation: past, present and future. Biochem.
Soc. Trans. 24, 307–327.
Hunter, T. (2012). Why nature chose phosphate to modify proteins. Philos. Trans.
R. Soc. Lond B Biol. Sci. 367, 2513–2516. doi: 10.1098/rstb.2012.0013
Jeong, J. S., Jiang, L., Albino, E., Marrero, J., Rho, H. S., Hu, J., et al. (2012).
Rapid identification of monospecific monoclonal antibodies using a human
proteome microarray. Mol. Cell Proteomics 11:O111. doi: 10.1074/mcp.O111.
016253
Jia, W., Andaya, A., and Leary, J. A. (2012). Novel mass spectrometric method for
phosphorylation quantification using cerium oxide nanoparticles and tandem
mass tags. Anal. Chem. 84, 2466–2473. doi: 10.1021/ac203248s
Jin, J., and Pawson, T. (2012). Modular evolution of phosphorylation-based sig-
nalling systems. Philos. Trans. R. Soc. Lond B Biol. Sci. 367, 2540–2555. doi:
10.1098/rstb.2012.0106
Johnson, H., and White, F. M. (2012). Toward quantitative phospho-
tyrosine profiling in vivo. Semin. Cell Dev. Biol. 23, 854–862. doi:
10.1016/j.semcdb.2012.05.008
Kettenbach, A. N., Wang, T., Faherty, B. K., Madden, D. R., Knapp, S.,
Bailey-Kellogg, C., et al. (2012). Rapid determination of multiple linear
kinase substrate motifs by mass spectrometry. Chem. Biol. 19, 608–618. doi:
10.1016/j.chembiol.2012.04.011
Khan, P., Idrees, D., Moxley, M. A., Corbett, J. A., Ahmad, F., von Figura, G.,
et al. (2014). Luminol-based chemiluminescent signals: clinical and non-clinical
application and future uses. Appl. Biochem. Biotechnol. 173, 333–355. doi:
10.1007/s12010-014-0850-1
Kim, J. H., Lee, J., Oh, B., Kimm, K., and Koh, I. (2004). Prediction of phosphory-
lation sites using SVMs. Bioinformatics. 20, 3179–3184. doi: 10.1093/bioinfor-
matics/bth382
Kinoshita, E., Kinoshita-Kikuta, E., and Koike, T. (2012b). Phos-tag SDS-PAGE
systems for phosphorylation profiling of proteins with a wide range of
molecular masses under neutral pH conditions. Proteomics 12, 192–202. doi:
10.1002/pmic.201100524
Kinoshita, E., Kinoshita-Kikuta, E., Matsubara, M., Aoki, Y., Ohie, S., Mouri,
Y., et al. (2009). Two-dimensional phosphate-affinity gel electrophoresis for
the analysis of phosphoprotein isotypes. Electrophoresis 30, 550–559. doi:
10.1002/elps.200800386
Kinoshita, E., Kinoshita-Kikuta, E., Sugiyama, Y., Fukada, Y., Ozeki, T.,
and Koike, T. (2012a). Highly sensitive detection of protein phosphory-
lation by using improved Phos-tag Biotin. Proteomics 12, 932–937. doi:
10.1002/pmic.201100639
Kinoshita, E., Takahashi, M., Takeda, H., Shiro, M., and Koike, T. (2004).
Recognition of phosphate monoester dianion by an alkoxide-bridged dinuclear
zinc(II) complex. Dalton Trans. 1189–1193. doi: 10.1039/b400269e
Kinoshita-Kikuta, E., Kinoshita, E., and Koike, T. (2012). Separation and
identification of four distinct serine-phosphorylation states of ovalbu-
min by Phos-tag affinity electrophoresis. Electrophoresis 33, 849–855. doi:
10.1002/elps.201100518
Klumpp, S., and Krieglstein, J. (2002). Phosphorylation and dephosphoryla-
tion of histidine residues in proteins. Eur. J. Biochem. 269, 1067–1071. doi:
10.1046/j.1432-1033.2002.02755.x
Knight, J. D., Tian, R., Lee, R. E., Wang, F., Beauvais, A., Zou, H., et al. (2012).
A novel whole-cell lysate kinase assay identifies substrates of the p38 MAPK in
differentiating myoblasts. Skelet. Muscle 2:5. doi: 10.1186/2044-5040-2-5
Koch, A., and Hauf, S. (2010). Strategies for the identification of kinase sub-
strates using analog-sensitive kinases. Eur. J. Cell Biol. 89, 184–193. doi:
10.1016/j.ejcb.2009.11.024
Komatsu, N., Aoki, K., Yamada, M., Yukinaga, H., Fujita, Y., Kamioka, Y., et al.
(2011). Development of an optimized backbone of FRET biosensors for
kinases and GTPases. Mol. Biol. Cell 22, 4647–4656. doi: 10.1091/mbc.E11-
01-0072
Kooij, V., Venkatraman, V., Tra, J., Kirk, J., Rowell, J., Blice-Baum, A., et al. (2014).
Sizing up models of heart failure: Proteomics from flies to humans. Proteomics
Clin. Appl. doi: 10.1002/prca.201300123. [Epub ahead of print].
Kosako, H., and Nagano, K. (2011). Quantitative phosphoproteomics strategies for
understanding protein kinase-mediated signal transduction pathways. Expert.
Rev. Proteomics 8, 81–94. doi: 10.1586/epr.10.104
Kozuka-Hata, H., Nasu-Nishimura, Y., Koyama-Nasu, R., Ao-Kondo, H., Tsumoto,
K., Akiyama, T., et al. (2012). Phosphoproteome of human glioblastoma initiat-
ing cells reveals novel signaling regulators encoded by the transcriptome. PLoS
ONE 7:e43398. doi: 10.1371/journal.pone.0043398
Kumar, N., Wolf-Yadlin, A., White, F. M., and Lauffenburger, D. A. (2007).
Modeling HER2 effects on cell behavior from mass spectrometry phosphoty-
rosine data. PLoS Comput. Biol. 3:e4. doi: 10.1371/journal.pcbi.0030004
Kunkel, M. T., and Newton, A. C. (2009). Spatiotemporal dynamics of kinase sig-
naling visualized by targeted reporters. Curr. Protoc. Chem. Biol. 1, 17–18. doi:
10.1002/9780470559277.ch090106
Kunkel, M. T., and Newton, A. C. (2014). Imaging kinase activity at protein scaf-
folds. Methods Mol. Biol. 1071, 129–137. doi: 10.1007/978-1-62703-622-1_10
Lad, C., Williams, N. H., and Wolfenden, R. (2003). The rate of hydrolysis of phos-
phomonoester dianions and the exceptional catalytic proficiencies of protein
and inositol phosphatases. Proc. Natl. Acad. Sci. U.S.A. 100, 5607–5610. doi:
10.1073/pnas.0631607100
Lam, A. J., St. Pierre, F., Gong, Y., Marshall, J. D., Cranfill, P. J., Baird, M. A., et al.
(2012). Improving FRET dynamic range with bright green and red fluorescent
proteins. Nat. Methods 9, 1005–1012. doi: 10.1038/nmeth.2171
Leung, G. C., Murphy, J. M., Briant, D., and Sicheri, F. (2009). Characterization
of kinase target phosphorylation consensus motifs using peptide SPOT arrays.
Methods Mol. Biol. 570, 187–195. doi: 10.1007/978-1-60327-394-7_7
Liao, H., Byeon, I. J., and Tsai, M. D. (1999). Structure and function of a new
phosphopeptide-binding domain containing the FHA2 of Rad53. J. Mol. Biol.
294, 1041–1049. doi: 10.1006/jmbi.1999.3313
Linding, R., Jensen, L. J., Ostheimer, G. J., van Vugt, M. A., Jorgensen, C., Miron, I.
M., et al. (2007). Systematic discovery of in vivo phosphorylation networks. Cell
129, 1415–1426. doi: 10.1016/j.cell.2007.05.052
www.frontiersin.org August 2014 | Volume 5 | Article 263 | 19
Newman et al. Systems-level view of phosphorylation networks
Linding, R., Jensen, L. J., Pasculescu, A., Olhovsky, M., Colwill, K., Bork,
P., et al. (2008). NetworKIN: a resource for exploring cellular phospho-
rylation networks. Nucleic Acids Res. 36, D695–D699. doi: 10.1093/nar/
gkm902
Liu, B. A., Jablonowski, K., Raina, M., Arce, M., Pawson, T., and Nash, P. D. (2006).
The human and mouse complement of SH2 domain proteins-establishing
the boundaries of phosphotyrosine signaling. Mol. Cell 22, 851–868. doi:
10.1016/j.molcel.2006.06.001
Mackenzie, R. W., and Elliott, B. T. (2014). Akt/PKB activation and insulin sig-
naling: a novel insulin signaling pathway in the treatment of type 2 diabetes.
Diabetes Metab. Syndr. Obes. 7, 55–64. doi: 10.2147/DMSO.S48260
Marfori, M., Mynott, A., Ellis, J. J., Mehdi, A. M., Saunders, N. F., Curmi, P.
M., et al. (2011). Molecular basis for specificity of nuclear import and pre-
diction of nuclear localization. Biochim. Biophys. Acta 1813, 1562–1577. doi:
10.1016/j.bbamcr.2010.10.013
Medina-Cleghorn, D., and Nomura, D. K. (2013). Chemical approaches to study
metabolic networks. Pflugers Arch. 465, 427–440. doi: 10.1007/s00424-012-
1201-0
Meharena, H. S., Chang, P., Keshwani, M. M., Oruganty, K., Nene, A. K., Kannan,
N., et al. (2013). Deciphering the structural basis of eukaryotic protein kinase
regulation. PLoS Biol. 11:e1001680. doi: 10.1371/journal.pbio.1001680
Mehta, S., and Zhang, J. (2011). Reporting from the field: genetically encoded
fluorescent reporters uncover signaling dynamics in living biological sys-
tems.Annu. Rev. Biochem. 80, 375–401. doi: 10.1146/annurev-biochem-060409-
093259
Mehta, S., and Zhang, J. (2014). Using a genetically encoded FRET-based reporter
to visualize calcineurin phosphatase activity in living cells. Methods Mol. Biol.
1071, 139–149. doi: 10.1007/978-1-62703-622-1_11
Meissner, G. (2010). Regulation of ryanodine receptor ion channels through post-
translational modifications. Curr. Top. Membr. 66, 91–113. doi: 10.1016/S1063-
5823(10)66005-X
Mertins, P., Yang, F., Liu, T., Mani, D. R., Petyuk, V. A., Gillette, M. A., et al. (2014).
Ischemia in tumors induces early and sustained phosphorylation changes in
stress kinase pathways but does not affect global protein levels. Mol. Cell
Proteomics 13, 1690–1704. doi: 10.1074/mcp.M113.036392
Minden, J. S. (2012). DIGE: past and future. Methods Mol. Biol. 854, 3–8. doi:
10.1007/978-1-61779-573-2_1
Mok, J., Im, H., and Snyder, M. (2009). Global identification of protein kinase
substrates by protein microarray analysis. Nat. Protoc. 4, 1820–1827. doi:
10.1038/nprot.2009.194
Mok, J., Kim, P. M., Lam, H. Y., Piccirillo, S., Zhou, X., Jeschke, G. R., et al. (2010).
Deciphering protein kinase specificity through large-scale analysis of yeast
phosphorylation site motifs. Sci. Signal. 3, ra12. doi: 10.1126/scisignal.2000482
Mok, J., Zhu, X., and Snyder, M. (2011). Dissecting phosphorylation net-
works: lessons learned from yeast. Expert. Rev. Proteomics 8, 775–786. doi:
10.1586/epr.11.64
Mujumdar, R. B., Ernst, L. A., Mujumdar, S. R., Lewis, C. J., and Waggoner, A.
S. (1993). Cyanine dye labeling reagents: sulfoindocyanine succinimidyl esters.
Bioconjug. Chem. 4, 105–111. doi: 10.1021/bc00020a001
Mukai, N., Nakanishi, T., Shimizu, A., Takubo, T., and Ikeda, T. (2008).
Identification of phosphotyrosyl proteins in vitreous humours of patients
with vitreoretinal diseases by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis/Western blotting/matrix-assisted laser desorption
time-of-flight mass spectrometry. Ann. Clin. Biochem. 45, 307–312. doi:
10.1258/acb.2007.007151
Na, S., and Paek, E. (2014). Software eyes for protein post-translational modifica-
tions. Mass Spectrom. Rev. doi: 10.1002/mas.21425. [Epub ahead of print].
Nabetani, T., Kim, Y. J., Watanabe, M., Ohashi, Y., Kamiguchi, H., and
Hirabayashi, Y. (2009). Improved method of phosphopeptides enrichment
using biphasic phosphate-binding tag/C18 tip for versatile analysis of
phosphorylation dynamics. Proteomics 9, 5525–5533. doi: 10.1002/pmic.200
900341
Neininger, A., Thielemann, H., and Gaestel, M. (2001). FRET-based detection of
different conformations of MK2. EMBO Rep. 2, 703–708. doi: 10.1093/embo-
reports/kve157
Neves, S. R., Tsokas, P., Sarkar, A., Grace, E. A., Rangamani, P., Taubenfeld, S.
M., et al. (2008). Cell shape and negative links in regulatory motifs together
control spatial information flow in signaling networks. Cell 133, 666–680. doi:
10.1016/j.cell.2008.04.025
Newman, R. H., Fosbrink, M. D., and Zhang, J. (2011). Genetically encodable flu-
orescent biosensors for tracking signaling dynamics in living cells. Chem. Rev.
111, 3614–3666. doi: 10.1021/cr100002u
Newman, R. H., Hu, J., Rho, H. S., Xie, Z., Woodard, C., Neiswinger, J., et al.
(2013). Construction of human activity-based phosphorylation networks. Mol.
Syst. Biol. 9, 655. doi: 10.1038/msb.2013.12
Newman, R. H., and Zhang, J. (2008). Visualization of phosphatase activity in living
cells with a FRET-based calcineurin activity sensor.Mol. Biosyst. 4, 496–501. doi:
10.1039/b720034j
Ni, Q., Ganesan, A., Aye-Han, N. N., Gao, X., Allen, M. D., Levchenko, A., et al.
(2011). Signaling diversity of PKA achieved via a Ca2+-cAMP-PKA oscillatory
circuit. Nat. Chem. Biol. 7, 34–40. doi: 10.1038/nchembio.478
Niggli, E., Ullrich, N. D., Gutierrez, D., Kyrychenko, S., Polakova, E., and Shirokova,
N. (2013). Posttranslational modifications of cardiac ryanodine receptors:
Ca(2+) signaling and EC-coupling. Biochim. Biophys. Acta 1833, 866–875. doi:
10.1016/j.bbamcr.2012.08.016
Nilsson, C. L. (2012). Advances in quantitative phosphoproteomics. Anal. Chem.
84, 735–746. doi: 10.1021/ac202877y
Okamura, H., Aramburu, J., Garcia-Rodriguez, C., Viola, J. P., Raghavan,
A., Tahiliani, M., et al. (2000). Concerted dephosphorylation of the tran-
scription factor NFAT1 induces a conformational switch that regulates
transcriptional activity. Mol. Cell 6, 539–550. doi: 10.1016/S1097-2765(00)
00053-8
Olsen, J. V., Blagoev, B., Gnad, F., Macek, B., Kumar, C., Mortensen, P., et al.
(2006). Global, in vivo, and site-specific phosphorylation dynamics in signaling
networks. Cell 127, 635–648. doi: 10.1016/j.cell.2006.09.026
Olsen, J. V., Macek, B., Lange, O., Makarov, A., Horning, S., and Mann, M.
(2007). Higher-energy C-trap dissociation for peptide modification analysis.
Nat. Methods 4, 709–712. doi: 10.1038/nmeth1060
Olsen, J. V., Vermeulen, M., Santamaria, A., Kumar, C., Miller, M. L., Jensen,
L. J., et al. (2010). Quantitative phosphoproteomics reveals widespread full
phosphorylation site occupancy during mitosis. Sci. Signal. 3, ra3. doi:
10.1126/scisignal.2000475
Ong, S. E. (2012). The expanding field of SILAC. Anal. Bioanal. Chem. 404,
967–976. doi: 10.1007/s00216-012-5998-3
Ortsater, H., Grankvist, N., Honkanen, R. E., and Sjoholm, A. (2014). Protein phos-
phatases in pancreatic islets. J. Endocrinol. 221, R121–R144. doi: 10.1530/JOE-
14-0002
Oyama, M., Kozuka-Hata, H., Tasaki, S., Semba, K., Hattori, S., Sugano, S., et al.
(2009). Temporal perturbation of tyrosine phosphoproteome dynamics reveals
the system-wide regulatory networks. Mol. Cell Proteomics 8, 226–231. doi:
10.1074/mcp.M800186-MCP200
Padilla-Parra, S., and Tramier, M. (2012). FRET microscopy in the living cell:
different approaches, strengths and weaknesses. Bioessays 34, 369–376. doi:
10.1002/bies.201100086
Pastrello, C., Pasini, E., Kotlyar, M., Otasek, D., Wong, S., Sangrar, W., et al. (2014).
Integration, visualization and analysis of human interactome. Biochem. Biophys.
Res. Commun. 445, 757–773. doi: 10.1016/j.bbrc.2014.01.151
Pellegrin, S., Heesom, K. J., Satchwell, T. J., Hawley, B. R., Daniels, G., van den
Akker, E., et al. (2012). Differential proteomic analysis of human erythroblasts
undergoing apoptosis induced by epo-withdrawal. PLoS ONE 7:e38356. doi:
10.1371/journal.pone.0038356
Perkins, D. N., Pappin, D. J., Creasy, D. M., and Cottrell, J. S. (1999). Probability-
based protein identification by searching sequence databases using mass
spectrometry data. Electrophoresis 20, 3551–3567. doi: 10.1002/(SICI)1522-
2683(19991201)20:18<3551::AID-ELPS3551>3.0.CO;2-2
Persson, F., Barkefors, I., and Elf, J. (2013). Single molecule methods with
applications in living cells. Curr. Opin. Biotechnol. 24, 737–744. doi:
10.1016/j.copbio.2013.03.013
Pierobon, M., Wulfkuhle, J., Liotta, L., and Petricoin, E. (2014). Application
of molecular technologies for phosphoproteomic analysis of clinical samples.
Oncogene. doi: 10.1038/onc.2014.16. [Epub ahead of print].
Popescu, S. C., Popescu, G. V., Bachan, S., Zhang, Z., Gerstein, M., Snyder, M.,
et al. (2009). MAPK target networks in Arabidopsis thaliana revealed using
functional protein microarrays. Genes Dev. 23, 80–92. doi: 10.1101/gad.17
40009
Posewitz, M. C., and Tempst, P. (1999). Immobilized gallium(III) affin-
ity chromatography of phosphopeptides. Anal. Chem. 71, 2883–2892. doi:
10.1021/ac981409y
Frontiers in Genetics | Systems Biology August 2014 | Volume 5 | Article 263 | 20
Newman et al. Systems-level view of phosphorylation networks
Ptacek, J., Devgan, G., Michaud, G., Zhu, H., Zhu, X., Fasolo, J., et al. (2005).
Global analysis of protein phosphorylation in yeast. Nature 438, 679–684. doi:
10.1038/nature04187
Puig, O., Caspary, F., Rigaut, G., Rutz, B., Bouveret, E., Bragado-Nilsson,
E., et al. (2001). The tandem affinity purification (TAP) method: a gen-
eral procedure of protein complex purification. Methods 24, 218–229. doi:
10.1006/meth.2001.1183
Reinhardt, H. C., and Yaffe, M. B. (2013). Phospho-Ser/Thr-binding domains: nav-
igating the cell cycle and DNA damage response. Nat. Rev. Mol. Cell Biol. 14,
563–580. doi: 10.1038/nrm3640
Rigbolt, K. T., and Blagoev, B. (2012). Quantitative phosphoproteomics to
characterize signaling networks. Semin. Cell Dev. Biol. 23, 863–871. doi:
10.1016/j.semcdb.2012.05.006
Ritt, M., Guan, J. L., and Sivaramakrishnan, S. (2013). Visualizing and manipulat-
ing focal adhesion kinase regulation in live cells. J. Biol. Chem. 288, 8875–8886.
doi: 10.1074/jbc.M112.421164
Roura, S., Galvez-Monton, C., and Bayes-Genis, A. (2013). Bioluminescence imag-
ing: a shining future for cardiac regeneration. J. Cell Mol. Med. 17, 693–703. doi:
10.1111/jcmm.12018
Ruprecht, B., and Lemeer, S. (2014). Proteomic analysis of phosphorylation in
cancer. Expert Rev. Proteomics 11, 259–267. doi: 10.1586/14789450.2014.901156
Sample, V., Newman, R. H., and Zhang, J. (2009). The structure and function of
fluorescent proteins. Chem. Soc. Rev. 38, 2852–2864. doi: 10.1039/b913033k
Saucerman, J. J., Zhang, J., Martin, J. C., Peng, L. X., Stenbit, A. E., Tsien, R.
Y., et al. (2006). Systems analysis of PKA-mediated phosphorylation gradients
in live cardiac myocytes. Proc. Natl. Acad. Sci. U.S.A. 103, 12923–12928. doi:
10.1073/pnas.0600137103
Savitski, M. M., Lemeer, S., Boesche, M., Lang, M., Mathieson, T., Bantscheff,
M., et al. (2011). Confident phosphorylation site localization using the
Mascot Delta Score. Mol. Cell Proteomics 10:M110. doi: 10.1074/mcp.M110.
003830
Sciarretta, S., Volpe, M., and Sadoshima, J. (2014). Mammalian target of rapamycin
signaling in cardiac physiology and disease. Circ. Res. 114, 549–564. doi:
10.1161/CIRCRESAHA.114.302022
Shekhawat, S. S., and Ghosh, I. (2011). Split-protein systems: beyond binary
protein-protein interactions. Curr. Opin. Chem. Biol. 15, 789–797. doi:
10.1016/j.cbpa.2011.10.014
Shirai, A., Matsuyama, A., Yashiroda, Y., Hashimoto, A., Kawamura, Y., Arai,
R., et al. (2008). Global analysis of gel mobility of proteins and its use in
target identification. J. Biol. Chem. 283, 10745–10752. doi: 10.1074/jbc.M709
211200
Sipieter, F., Vandame, P., Spriet, C., Leray, A., Vincent, P., Trinel, D., et al. (2013).
From FRET imaging to practical methodology for kinase activity sensing in
living cells. Prog. Mol. Biol. Transl. Sci. 113, 145–216. doi: 10.1016/B978-0-12-
386932-6.00005-3
Skrzypski, M. (2008). Quantitative reverse transcriptase real-time polymerase
chain reaction (qRT-PCR) in translational oncology: lung cancer perspective.
Lung Cancer 59, 147–154. doi: 10.1016/j.lungcan.2007.11.008
Song, C., Ye,M., Liu, Z., Cheng, H., Jiang, X., Han, G., et al. (2012). Systematic anal-
ysis of protein phosphorylation networks from phosphoproteomic data. Mol.
Cell Proteomics 11, 1070–1083. doi: 10.1074/mcp.M111.012625
Song, Q., Saucerman, J. J., Bossuyt, J., and Bers, D. M. (2008). Differential inte-
gration of Ca2+-calmodulin signal in intact ventricular myocytes at low and
high affinity Ca2+-calmodulin targets. J. Biol. Chem. 283, 31531–31540. doi:
10.1074/jbc.M804902200
Stasyk, T., Schiefermeier, N., Skvortsov, S., Zwierzina, H., Peranen, J., Bonn, G.
K., et al. (2007). Identification of endosomal epidermal growth factor recep-
tor signaling targets by functional organelle proteomics. Mol. Cell Proteomics 6,
908–922. doi: 10.1074/mcp.M600463-MCP200
Stynen, B., Tournu, H., Tavernier, J., and Van Dijck, P. (2012). Diversity in genetic
in vivo methods for protein-protein interaction studies: from the yeast two-
hybrid system to the mammalian split-luciferase system. Microbiol. Mol. Biol.
Rev. 76, 331–382. doi: 10.1128/MMBR.05021-11
Sun, Y., Rombola, C., Jyothikumar, V., and Periasamy, A. (2013). Forster resonance
energy transfer microscopy and spectroscopy for localizing protein-protein
interactions in living cells. Cytometry A 83, 780–793. doi: 10.1002/cyto.a.22321
Sutandy, F. X., Qian, J., Chen, C. S., and Zhu, H. (2013). Overview of pro-
tein microarrays. Curr. Protoc. Protein Sci. Chapter 27:Unit 27.1. doi: 10.1002/
0471140864.ps2701s72
Syka, J. E., Marto, J. A., Bai, D. L., Horning, S., Senko, M. W., Schwartz, J. C.,
et al. (2004). Novel linear quadrupole ion trap/FT mass spectrometer: per-
formance characterization and use in the comparative analysis of histone H3
post-translational modifications. J. Proteome Res. 3, 621–626. doi: 10.1021/pr0
499794
Tasaki, S., Nagasaki, M., Oyama, M., Hata, H., Ueno, K., Yoshida, R., et al. (2006).
Modeling and estimation of dynamic EGFR pathway by data assimilation
approach using time series proteomic data. Genome Inform. 17, 226–238.
Taylor, S. S., and Kornev, A. P. (2011). Protein kinases: evolution of dynamic regu-
latory proteins. Trends Biochem. Sci. 36, 65–77. doi: 10.1016/j.tibs.2010.09.006
Tian, T., and Song, J. (2012). Mathematical modelling of the MAP kinase
pathway using proteomic datasets. PLoS ONE 7:e42230. doi: 10.1371/jour-
nal.pone.0042230
Tsou, P., Zheng, B., Hsu, C. H., Sasaki, A. T., and Cantley, L. C. (2011). A fluorescent
reporter of AMPK activity and cellular energy stress. Cell Metab. 13, 476–486.
doi: 10.1016/j.cmet.2011.03.006
Tsunehiro, M., Meki, Y., Matsuoka, K., Kinoshita-Kikuta, E., Kinoshita, E., and
Koike, T. (2013). A Phos-tag-based magnetic-bead method for rapid and
selective separation of phosphorylated biomolecules. J. Chromatogr. B Analyt.
Technol. Biomed. Life Sci. 925, 86–94. doi: 10.1016/j.jchromb.2013.02.039
Ummanni, R., Mannsperger, H. A., Sonntag, J., Oswald, M., Sharma, A. K.,
Konig, R., et al. (2014). Evaluation of reverse phase protein array (RPPA)-based
pathway-activation profiling in 84 non-small cell lung cancer (NSCLC) cell lines
as platform for cancer proteomics and biomarker discovery. Biochim. Biophys.
Acta 1844, 950–959. doi: 10.1016/j.bbapap.2013.11.017
van Rossum, T., Kengen, S. W., and van der Oost, J. (2013). Reporter-based
screening and selection of enzymes. FEBS J. 280, 2979–2996. doi: 10.1111/febs.
12281
Violin, J. D., DiPilato, L. M., Yildirim, N., Elston, T. C., Zhang, J., and Lefkowitz,
R. J. (2008). beta2-adrenergic receptor signaling and desensitization elucidated
by quantitative modeling of real time cAMP dynamics. J. Biol. Chem. 283,
2949–2961. doi: 10.1074/jbc.M707009200
Wiechert, W., Schweissgut, O., Takanaga, H., and Frommer, W. B. (2007).
Fluxomics: mass spectrometry versus quantitative imaging. Curr. Opin. Plant
Biol. 10, 323–330. doi: 10.1016/j.pbi.2007.04.015
Wilkins, M. R. (2009). Hares and tortoises: the high- versus low-throughput pro-
teomic race. Electrophoresis 30(Suppl. 1), S150–S155. doi: 10.1002/elps.2009
00175
Woehler, A. (2013). Simultaneous quantitative live cell imaging of multiple
FRET-based biosensors. PLoS ONE 8:e61096. doi: 10.1371/journal.pone.00
61096
Wolf-Yadlin, A., Kumar, N., Zhang, Y., Hautaniemi, S., Zaman,M., Kim, H. D., et al.
(2006). Effects of HER2 overexpression on cell signaling networks governing
proliferation and migration. Mol. Syst. Biol. 2, 54. doi: 10.1038/msb4100094
Wong, Y. H., Lee, T. Y., Liang, H. K., Huang, C. M., Wang, T. Y., Yang, Y. H.,
et al. (2007). KinasePhos 2.0: a web server for identifying protein kinase-specific
phosphorylation sites based on sequences and coupling patterns. Nucleic Acids
Res. 35, W588–W594. doi: 10.1093/nar/gkm322
Woodard, C. L., Goodwin, C. R., Wan, J., Xia, S., Newman, R., Hu, J., et al. (2013).
Profiling the dynamics of a human phosphorylome reveals new components
in HGF/c-Met signaling. PLoS ONE 8:e72671. doi: 10.1371/journal.pone.00
72671
Wu, M., Yang, X., and Chan, C. (2009). A dynamic analysis of IRS-PKR sig-
naling in liver cells: a discrete modeling approach. PLoS ONE 4:e8040. doi:
10.1371/journal.pone.0008040
Xue, Y., Li, A., Wang, L., Feng, H., and Yao, X. (2006). PPSP: prediction of PK-
specific phosphorylation site with Bayesian decision theory. BMCBioinformatics
7:163. doi: 10.1186/1471-2105-7-163
Xue, Y., Zhou, F., Zhu, M., Ahmed, K., Chen, G., and Yao, X. (2005). GPS: a com-
prehensive www server for phosphorylation sites prediction. Nucleic Acids Res.
33, W184–W187. doi: 10.1093/nar/gki393
Yaffe, M. B. (2002). Phosphotyrosine-binding domains in signal transduction.Nat.
Rev. Mol. Cell Biol. 3, 177–186. doi: 10.1038/nrm759
Yaffe, M. B., Leparc, G. G., Lai, J., Obata, T., Volinia, S., and Cantley, L. C.
(2001). A motif-based profile scanning approach for genome-wide prediction
of signaling pathways. Nat. Biotechnol. 19, 348–353. doi: 10.1038/86737
Yang, C., Zhong, X., and Li, L. (2014). Recent advances in enrichment
and separation strategies for mass spectrometry-based phosphoproteomics.
Electrophoresis. doi: 10.1002/elps.201400017. [Epub ahead of print].
www.frontiersin.org August 2014 | Volume 5 | Article 263 | 21
Newman et al. Systems-level view of phosphorylation networks
Yip, Y. Y., Yeap, Y. Y., Bogoyevitch, M. A., and Ng, D. C. (2014). cAMP-dependent
protein kinase and c-Jun N-terminal kinase mediate stathmin phosphorylation
for the maintenance of interphase microtubules during osmotic stress. J. Biol.
Chem. 289, 2157–2169. doi: 10.1074/jbc.M113.470682
Yoshizaki, H., Aoki, K., Nakamura, T., and Matsuda, M. (2006). Regulation of
RalA GTPase by phosphatidylinositol 3-kinase as visualized by FRET probes.
Biochem. Soc. Trans. 34, 851–854. doi: 10.1042/BST0340851
Zadran, S., Standley, S., Wong, K., Otiniano, E., Amighi, A., and Baudry, M. (2012).
Fluorescence resonance energy transfer (FRET)-based biosensors: visualizing
cellular dynamics and bioenergetics. Appl. Microbiol. Biotechnol. 96, 895–902.
doi: 10.1007/s00253-012-4449-6
Zapata-Hommer, O., and Griesbeck, O. (2003). Efficiently folding and circularly
permuted variants of the Sapphire mutant of GFP. BMC Biotechnol. 3:5. doi:
10.1186/1472-6750-3-5
Zhang, C., Lopez, M. S., Dar, A. C., Ladow, E., Finkbeiner, S., Yun, C. H., et al.
(2013). Structure-guided inhibitor design expands the scope of analog-sensitive
kinase technology. ACS Chem. Biol. 8, 1931–1938. doi: 10.1021/cb400376p
Zhang, H., Zha, X., Tan, Y., Hornbeck, P. V., Mastrangelo, A. J., Alessi, D.
R., et al. (2002). Phosphoprotein analysis using antibodies broadly reac-
tive against phosphorylated motifs. J. Biol. Chem. 277, 39379–39387. doi:
10.1074/jbc.M206399200
Zhang, J., and Allen, M. D. (2007). FRET-based biosensors for protein kinases:
illuminating the kinome. Mol. Biosyst. 3, 759–765. doi: 10.1039/b706628g
Zhang, J., Hupfeld, C. J., Taylor, S. S., Olefsky, J. M., and Tsien, R. Y. (2005a). Insulin
disrupts beta-adrenergic signalling to protein kinase A in adipocytes. Nature
437, 569–573. doi: 10.1038/nature04140
Zhang, J., Ma, Y., Taylor, S. S., and Tsien, R. Y. (2001). Genetically encoded reporters
of protein kinase A activity reveal impact of substrate tethering. Proc. Natl. Acad.
Sci. U.S.A. 98, 14997–15002. doi: 10.1073/pnas.211566798
Zhang, Y., Wolf-Yadlin, A., Ross, P. L., Pappin, D. J., Rush, J., Lauffenburger, D. A.,
et al. (2005b). Time-resolved mass spectrometry of tyrosine phosphorylation
sites in the epidermal growth factor receptor signaling network reveals dynamic
modules. Mol. Cell Proteomics 4, 1240–1250. doi: 10.1074/mcp.M500089-
MCP200
Zhu, H., Cox, E., and Qian, J. (2012). Functional protein microarray as molecu-
lar decathlete: a versatile player in clinical proteomics. Proteomics Clin. Appl. 6,
548–562. doi: 10.1002/prca.201200041
Zubarev, R. A., Horn, D. M., Fridriksson, E. K., Kelleher, N. L., Kruger, N. A., Lewis,
M. A., et al. (2000). Electron capture dissociation for structural characterization
of multiply charged protein cations. Anal. Chem. 72, 563–573. doi: 10.1021/ac
990811p
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 01 May 2014; accepted: 16 July 2014; published online: 15 August 2014.
Citation: Newman RH, Zhang J and Zhu H (2014) Toward a systems-level view
of dynamic phosphorylation networks. Front. Genet. 5:263. doi: 10.3389/fgene.
2014.00263
This article was submitted to Systems Biology, a section of the journal Frontiers in
Genetics.
Copyright © 2014 Newman, Zhang and Zhu. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Genetics | Systems Biology August 2014 | Volume 5 | Article 263 | 22
